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Abstract
The multicomponent high entropy Cantor alloy (CoCrFeNiMn) based on FCC
(face centered cubic) lattice single solid solution structure has many excellent properties
such as high strength, high hardness, good corrosion resistance, oxidation resistance and
good thermal stability, and has become a new research direction in the field of alloy
materials. Selective Laser Melting (SLM) technology is an important additive
manufacturing method and owns significant advantages in high precision, flexible
manufacturing, integrated molding and other aspects. At present, SLM technology has been
widely concerned in the fields of power energy, biomedicine, aeronautics and astronautics.
The preparation of SLM-manufactured CoCrFeNiMn is still in the initial stage, and there
are many problems to be solved. In this paper, CoCrFeNiMn was studied based on SLM
technology; combined with the design and manufacture of lattice structure, the preparation,
properties and micro-rod lattice structure of CoCrFeNiMn were explored by theoretical
calculation, numerical simulation, model analysis and experiment from the aspects of
forming mechanism, process optimization, manufacturing constraints and mechanical
properties. The main contents and results of this paper are as follows:
(1) Equipment technology is an important carrier to solve major manufacturing technology
and scientific problems. The development of equipment structure and process control
techniques plays a fundamental role in supporting the development of SLM technology. In
this paper, the structural optimization method, closed-loop control algorithm, feedback and
detection process of process implementation of SLM equipment were studied. On this basis,
the development of the mechanical structure of the main equipment body, the development
of the control system, the design and manufacturing of the collaborative optical path, and
the integration and optimization of the whole equipment hardware and software systems
were completed. Finally, an intelligent industrial-grade SLM-250 manufacturing platform
was built, and the closed-loop control of material - process - organization - performance was
preliminarily realized.
(2) SLM is a very complex multi-physics field process. In this paper, the behavior of laser
molten pool under different process parameters was analyzed by finite element simulation
technology. The state evolution process of discontinuous solid powder bed was clarified
under laser action and non-equilibrium rapid melting solidification behavior. The surface
XI

roughness of molten pool, channel and layer after rapid solidification was deduced by
numerical simulation. The qualitative and quantitative parameters related to the process
were investigated, including the shape of molten pool and cladding layer, the distribution
and the changing rate of the molten pool temperature. Besides, single-pass, single-layer and
multi-layer forming experiments were carried out under different process parameters; the
basic physical propertiessuch as width, roughness and relative density of cladding channel
(layer) affected by different forming process parameters were compared and analyzed.
(3) According to the characteristics of the SLM process, the SLM process window of
CoCrFeNiMn was investigated in this paper, and the influence of different process
parameters on the forming quality, micro-structure and mechanical properties of
CoCrFeNiMn was analyzed. The preparation process for surface morphology and density
was optimized; the causes of pore defects, the influence of movement path and process
parameters on the pore were obtained. The results show that when other process parameters
are unchanged, with the increase of laser energy density, the density of the process
optimization structure first increases, then de0creases slightly, and finally tends to be stable.
The effects of typical SLM process conditions on quasi-static and dynamic mechanical
properties were studied. The strength and toughness of micro-scale and macro scale samples
were explored. The stress-strain characteristics caused by repeated slip and the behavior
mechanism of "dislocation avalanche" in the compression behavior of micro-scale materials
were revealed. It was found that a large number of nano-twin were induced by fatigue stress
near the high density and small-angle grain boundary due to laser non-equilibrium rapid
melting and solidification. The mechanism of microplastic deformation and ductility
improvement caused by nano-twin in the low load and high cycle fatigue process was also
illustrated.
(4) Aiming at the forming problem of micro-rod structure, it is found that in the actual SLM
process, the common defects of micro-rod were staircase effect, slag hanging and warping.
To improve the forming quality of SLM micro-rod, the causes of defects and the influence
of process parameters (including growth angle and laser parameters) on defects were
theoretically analyzed in this paper. Since these factors were mutually reinforcing, the
influence of each factor on shaping was comprehensively considered through the
experiments, and the relationship between the laser energy and the critical forming angle
was established. The surface roughness of micro-rod was mainly studied, and the reason for
XII

the poor surface quality was analyzed. On this basis, a roughness prediction model was
proposed. The research results of micro-rod manufacturing can provide an important
theoretical basis and guidance for in depth analysis of the SLM-manufactured lattice
structure.
(5) In this paper, the design method and principle of lattice structure were discussed, and the
influence of cell structure, structure size and boundary conditions on the properties of the
SLM-manufactured lattice structure of CoCrFeNiMn was analyzed. The forming quality of
lattice structure was studied, the causes of common manufacturing defects of lattice
structure were emphatically analyzed, and then the defect classification and statistics were
performed. By studying the deformation and failure behavior of different structures under
the compression load, the mechanical properties of lattice structures were evaluated. By
adding nano-scale thermally-stabilized ceramic TiN particles as the modifier in the rapid
solidification process, the nucleation particle density was effectively increased, and the
high-density fine crystalline matrix was obtained, which greatly enhanced the material
strength. Through the laser remelting process, the uniform distribution of TiN particles was
promoted to further refine the high entropy alloy grain and induce the generation of micron
grade amorphous phase in the localarea. As a result, the intrinsic strength of the
CoCrFeNiMn composite material was improved, and the specific strength of lattice
structure was significantly increased.
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Chapter 1. Introduction
1.1 Background and Significance
Additive manufacturing (AM) is an important technical means of innovative design [1],
manufacturing [2] and maintenance [3] of complex system components. Unlike traditional
subtractive manufacturing, additive manufacturing is a process in which the parts are
manufactured in layers based on 3D model data and a 3D model can be directly, quickly and
accurately converted into entity components. This technology offers high flexibility in
designing and manufacturing the parts and has huge potential especially in manufacturing
complex parts, spurring a new manufacturing revolution [4], and has been applied in the
fields of aerospace [5], transportation [6], power engineering [7], chemical industry [8],
nuclear industry [9] and medical science [10,11] more or less. Power engineering is a
typical traditional industry. However, traditional extensive manufacturing has severely
hindered the production, and should evolve towards intelligence and digitization, in which
case additive manufacturing will become one of the breakthroughs leading the future
manufacturing. For example, lightweight manufacturing can minimize the self-weight and
meet certain requirements for service life and reliability under given boundary conditions.
To achieve this goal, we should choose suitable structure, lightweight materials, emerging
technologies, better designs and advanced manufacturing processes, and additive
manufacturing makes it possible. For example, Pham et al. [12] have optimized the
aero-engine blade design, and manufactured a new lattice structure with additive
manufacturing technology. The finished product is shown in Figure1.1. The experiment
proves that the structure is sturdier than traditional structure, and is a typical example of
additive manufacturing for boosting traditional industry.

1

Figure 1.1 Lightweight lattice structure design of blade with additive manufacturing technology [12]

With the rapid development of additive manufacturing technology, governments around the
world have deeply recognized the significance of additive manufacturing research. The
United States, the European Union and Germany have incorporated additive manufacturing
into their national strategic development plans. China has also brought additive
manufacturing into the National Outlines for Medium and Long-term Planning for Scientific
and Technological Development (2006-2020) and Made in China 2025. The Ministry of
Industry and Information Technology, the National Development and Reform Commission,
and the Ministry of Finance jointly worked out the National Plan for the Development of
Additive Manufacturing Industries (2015-2016), and the Ministry of Science and
Technology initiated the special key projects under the Laser manufacturing and Additive
Manufacturing [13].
In industry, metal is a hot spot in additive manufacturing research [14]. However, in view of
high difficulty and slow development, we are beginning to see some commercialization of
metal additive manufacturing in the 21st century [13]. SLM is a kind of metal additive
manufacturing, by which complex, precise and high-performance metal parts are directly
manufactured by a 3D CAD model in a layered way with high-energy beam laser as a heat
source, and has the advantages of digital forming, nonuse of molds, high forming accuracy,
good mechanical properties, high material utilization rate and short development cycle [15].
Alloy is an important field of metal research and plays an important role in industrial
applications. Over the past 15 years, a new alloying strategy has come into vogue. Unlike
the traditional strategy, this alloying strategy offers a new perspective on alloy design
2

according to the configurational entropy principle of the alloy system - no dominant
element exists, and "chemical disorder" is introduced by multi-way principal component
mixture to create a new material called HEA [16, 17]. The studies have proved that some
HEAs have special properties, superior to traditional alloys. Among them, CoCrFeNiMn , a
typical representative of HEAs, was discovered by Professor Cantor in the late 1970s and
early 1980s. This alloy has excellent mechanical properties, even surpassing high-strength
steel, high-temperature nickel-based alloys and super-hard ceramics [18]. However,
compared with traditional alloy materials, HEAs have complicated composition, and the
research on material design and manufacturing is a long-lasting process. How to improve
the manufacturing capacity is a key to promote its development. We can say that the SLM
technology is perfect for manufacturing Cantor HEAs, and the powder can be melted into
almost completely dense products under high-energy laser beams. Moreover, ultra-fast
cooling helps prevent the formation of intermetallic compounds and element dissolution.
Lightweight design and manufacturing have become one of the key research areas. Among
them, the lattice structure, an important lightweight design [19], has advantages of high
specific strength, large specific surface area and impact resistance, and can be applied in
aerospace, transportation, electronics, biomedicine, etc. Since the end of the 1990s, the
lattice structure has been precisely manufactured as the SLM technology becomes mature.
Microscopic units, quantity, size and relative density of the lattice structure can be
artificially controlled [20] according to different loading conditions, or a new structure can
be designed by changing the periodic arrangements of internal joints and support bar to
purposefully improve the mechanical properties of the structure. Furthermore, the ordered
lattice structure has the minimum part size, thereby reducing the manufacturing time and
material costs [21]. Therefore, lattice structure manufacturing with additive manufacturing
technology, especially SLM technology, is a research hotspot [22].
In general, the SLM process has made a significant progress in the past 20 years, but there
is still a big gap for developing into a mature technology, especially in productivity, quality
control and repeatability, which poses serious challenges for critical components [23].
Moreover, the vast majority of studies on SLM focus on a few alloys, e.g. titanium alloy [24,
25] (mainly Ti6Al4V), nickel [26, 27] (IN625, IN718) and stainless steel [28, 29]. Further
research on the SLM process, forming characteristics and mechanical properties of
high-entropy materials can further improve the properties of Cantor HEAs [30] and expand
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its application scope.
We have deeply studied the manufacturing process and mechanical response of HEAs by
means of theoretical calculations, mathematical simulation, model analysis and
experimental research on the basis of SLM technology and lattice structures design with
Cantor HEA powder as the research material, and process window and mechanical
properties as the research objects, thus laying a theoretical foundation for the mature SLM
forming process of Cantor HEAs, manufacture of complex parts and industrial applications
and providing guidance for the research on energy power, aerospace, equipment lightweight
manufacturing, and the development of the additive manufacturing technology of HEA.
1.2 Research on Laser Forming and Performance of HEA Lattice Structure
1.2.1 Development status of SLM technology
Figure 1.2 illustrates different application scenarios of additive manufacturing technology
and other powder metallurgy technologies. AM technology is similar to hot isostatic
pressing (HIP) technology and is suitable for producing small and medium-sized parts.
However, HIP technology is generally applied to manufacture meshed parts weighing a few
hundred kilograms, while additive manufacturing is more suitable for machining small parts
weighing a few kilograms. In addition, additive manufacturing with greater freedom can be
applied to manufacture complex parts.

Figure 1.2 Weight, size and quantity of corresponding parts by various PM technologies [31]

Literature [32] defines 8 key steps of the entire additive manufacturing process:
conceptual design, determination of CAD digital model, format conversion, processing of
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STL files on equipment, setting of process parameters, manufacturing & disassembly of
parts, powder cleaning, part post-processing and application. The entire process is shown in
Figure 1.3 [32].

Figure 1.3 Flow chart of additive manufacturing [32]

Compared with traditional casting and processing, or other traditional metallurgical
processes, metal additive manufacturing has a multitude of key advantages: greater design
freedom such as complex internal channels; easier lightweight manufacture of parts
depending on lattice structures; less consumption of raw materials, especially expensive raw
materials or alloys that are difficult to be machined; direct forming contributes to one-time
manufacture of complex parts, thereby reducing assembly operations; no molds or tools for
metal forming or removal are used; production cycle is short.
Meanwhile, we must also recognize some limitations of additive manufacturing technology:
the part size is limited by the size of the powder bed, and larger parts can be machined by
direct energy deposition (DED) technology (or laser metal deposition (LMD) technology).
However, in light of small thickness of the powder layer, larger parts are manufactured at
low efficiency; it is suitable for integral or small-batch machining, not suitable for mass
production; in the powder bed process, a support structure may be erected at a slight built
angle; it is impossible to process non-weldable metals, and hard-to-weld alloys are also
machined by specific methods; part manufacturing shows anisotropy; although the density
of the parts can reach 99.9%, some internal defects are still remained. Generally, the overall
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mechanical properties of the parts are better than castings, still inferior to forgings.
At present, mature additive manufacturing process is classified into 7 categories [33-36]:
vat polymerization, material jetting, binder jetting, material extrusion, sheet lamination,
powder bed fusion and directed energy deposition. Common metal additive manufacturing
processes include binder jetting, sheet lamination, powder bed fusion (PBF), DED [37].
Binder jetting [38] is a process in which liquid binder is squeezed onto a powder bed to
bond the powder particles into the products and is post-processed to remove the binder
material and improve the compactness of the product. Sheet lamination [39] is a process in
which the surface oxide film is destroyed under ultrasonic wave using adhesive bonding
chemical method or at low temperatures to connect two adjacent metal foils, or bond the
sheet materials by brazing, and excess parts of each layer are removed to manufacture the
parts of specific geometric shapes. The process can fall into two broad categories: direct
deposition and PBF, as shown in Figure 1.4.
Direct deposition technology is a process in which the materials are piled up by powder or
wire feeding and are melted by laser or arc. If this process [40, 41] is applied, a nozzle is
mounted on a multiaxial arm, and the metal powder or wire is melted by laser, electron
beam or electric arc for deposition manufacturing along the preset path, as shown in Figure
1.5 (a). Compared with binder jetting and sheet lamination, PBF and DED involve
metallurgical processes of melting and solidification, and the parts have higher density and
strength [11, 42]. This technology has higher productivity than SLM, and also can produce
larger parts. However, its design freedom is much more limited. For example, the lattice
structures and internal channels cannot be successfully manufactured.
For the second type of powder bed fusion [43, 44], the powder layer in the powder bed is
selectively melted by focused high-energy laser beam or electron beam. Specific steps are
as follows: first lay a powder layer; then selectively melt the powder by laser or electron
beam; lower the construction platform and spread powder again after powder melting;
repeat the process until the manufacturing is completed, as detailed in Figure1.5 (b). SLM
and electron beam melting (EBM) are two typical processes of powder bed fusion.
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Figure 1.4 Classification of additive manufacturing [45]

Figure 1.5 Diagrams for different additive manufacturing processes: (a) DED [40, 41]; (b)PBF [45]

Among them, SLM is a powder bed additive manufacturing technology. First, powder is
spread on the construction platform using a roller or scraper, and the powder layer is
selectively melted by laser beam in an inert atmosphere. Then, the construction platform is
lowered by 20-100µm, and a new powder layer is laid. Finally, the new powder layer is
melted by laser beam again. After a few thousand cycles (depending on the part height), the
part is already manufactured and removed from the powder bed [46]. In the melting process,
the laser power generally ranges from 200W to 1,000W. Metal powder will heat up quickly
to form a molten pool after absorbing laser energy. After the laser moves away, the molten
pool will solidify rapidly [47]. Rapid melting and solidification are attributable to short-time
interaction between laser energy and metal powder, which facilitates the formation of fine
microstructure and improves the mechanical properties of the parts [48]. Currently, SLM
has been widely applied in aerospace, energy, biomedicine, automotive, etc. [11, 16, 49].
The Effect of SLM process parameters on the quality of the parts has been studied in a large
body of literature, including mild steel materials [50], iron-based materials [46],
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nickel-chromium alloy materials [15] and high-temperature nickel-based alloy materials [51,
52]. It has been highlighted that even small changes in processing parameters have a
significant effect on the physical properties and microstructure of the final parts [53], and
even give rise to major defects in the parts, e.g., unreasonable process parameters [54],
internal defects induced by incomplete laser scanning filling [55], geometric defects and
macroscopic deformations under residual stress generated by obvious thermal gradients in
the manufacturing process [56], severe notching or deformation of support bar [57]. The
literature [42] illustrates the causes of these defects, and concludes that the mechanical and
biological properties of the parts are seriously affected. It is also found in the literature [58]
that the fatigue life of SLMed parts under multi-axle load is significantly reduced due to
stress concentration caused by internal defects compared to forgings, and that defects also
affect the manufacturability, dimensional accuracy and surface roughness of SLM lattice
structure [59]. In order to eliminate or reduce the defects resulted from the SLM
manufacturing technology, a large number of scholars have conducted experimental
research and revealed the effect of process parameters on the quality and mechanical
response of the parts, so as to find the best SLM process parameters and eliminate the
mismatches between design and manufacturing [60, 61]. Some scholars also hope to
optimize defects by post-processing, such as heat treatment [62] and chemical method [63].
However, only manufacturing defects can be reduced in a variety of ways, and it is difficult
to fully eliminate all the geometric defects caused by the additive manufacturing process
[64].

Nearly 130 factors affect the quality of the final parts [65], among which there are several
key control parameters: laser power P (W), scanning speed  (mm·s-1), laser spot diameter
D (mm), powder layer thickness h ( μm ), scanning spacing H ( μm ), etc. In addition to
emphasizing the effect of single factors on the density of SLMed parts, more scholars argue
that stable part quality can be guaranteed after comprehensive consideration of all the
parameters and their interactions. In order to comprehensively study the effect of different
parameters on SLM, the concept of energy density [66-68] is introduced, expressed by 
(J/mm3). The most common energy density equation is as follows:
ψ

p
νhd

(1-1)

Where,  is the scanning speed; p is the laser power; d is the layer thickness; h is the
scanning spacing.
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In order to better analyze the quality of SLMed parts, an important indicator for judging the
properties of parts is introduced, namely density. Literature [53, 69, 70] states that, if the
density is lower than 99%, the fatigue performance of the parts is affected; if lower than
95%, the parts will perform poorly in the uniaxial tensile test. The processing parameters
(such as laser power, scanning speed and scanning strategy) directly determine the density
of the parts. In theory, we can manufacture almost fully dense parts only by selecting
appropriate process parameters and scanning strategy [71]. In order to increase the density
and reduce the porosity of aluminum-based metallic materials, Ghosh et al. [72] have
continuously adjusted the processing parameters during SLM and find that the density of
the parts mainly depends on the scanning spacing, composition and layer thickness; the
scanning spacing, layer thickness and laser power were important parameters affecting the
porosity. Read et al. [61] have manufactured AlSi10Mg alloy by SLM, and believe that the
laser power, scanning speed, and the interaction between the scanning speed and the
scanning spacing have a significant effect on the porosity. Olakanmi et al. [73] have
processed AlSi12 powder by SLM. Under constant laser power (P=240W), the density of
the parts will decrease with the increasing scanning spacing; If the scanning spacing is kept
constant (h=0.3mm), the density gradually decreases with increasing scanning speed or
decreasing laser power; the increase in layer thickness will also lead to a smaller density. By
studying Ni-Sn and Cu-Solder (Pb-Sn) in Literature [74] and Ni-alloy-Cu and Fe-Cu in
literature [75], it is found that the density increases with increasing laser power, or with
decreasing scanning speed, layer thickness and scanning spacing. Therefore, it can be
inferred that an increase in laser energy input (such as higher laser power, slower scanning
speed, thinner layer thickness or smaller scanning lines) will bring a higher density.
The surface quality of SLMed parts is also affected by many factors, including stability [76],
size and thermodynamic behaviors [77] of the molten pool during SLM, as well as direction
relative to laser beam [78]. Delago et al. have analyzed the SLM lattice structure by
microcomputer tomography (mCT), and its results show that the CAD model has significant
differences in geometric size of the parts [79].
1.2.2 Development status of SLM manufacturing of lightweight lattice structure
Natural porous materials (such as wood, cork, and bone) have been used for centuries, and
its structure is imitated by modern materials (such as artificial honeycombs and foam) in
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most cases [80]. The three-dimensional lattice structure, first proposed by Evans et al. [81]
of Harvard University in 2000, has a similar structural form to spatial lattice structure. The
porous lattice structure is characterized by low density and remarkable mechanical
properties, and is applied in the fields of aerospace, health care and biology [82]. On
account of high specific strength and specific stiffness, the porous structure can be applied
in a wide variety of environments, and is widely used especially in lightweight design [83].
In consideration of the characteristics and unique mechanical behaviors, the honeycomb
structure can be applied in energy absorption environment [84]. In response to different
application scenarios, researchers have designed many different types of porous structures
and developed a series of manufacturing methods.
Porous structure falls into two broad categories: one is the disordered porous foam structure;
the other is the ordered periodic porous structure. The metal foam structure is a porous
structure manufactured by injecting gas or mixing foaming agent into molten metal. Related
applications have been extensively discussed, such as energy absorption [85] and
lightweight design [86]. Mines et al. [87] have studied the uniaxial compression properties
of various honeycomb materials, such as aluminum honeycomb, steel aluminum foam,
stainless steel, and titanium alloy micro-lattice structures. Although metal foams are
manufactured at a relatively cheap price, they are composed of open or close pores, and the
pores are randomly distributed. The internal cell shape and size are irregular, which directly
affects the structure performance and give rise to inconsistent mechanical response, and its
mechanical behaviors cannot be accurately predicted. Therefore, we should adopt a more
conservative design for foam structure [86].
Periodic lattice structure is another type of porous material, of which the cells are repeatedly
arranged according to certain rules [88] unlike foam structure. Gibson defines the lattice
structure as a structure composed of interconnected struts or plates [89]. Ashby points out
that the unit cells of a lattice structure have a millimeter or micrometer scale [90]. The array
structure can be manufactured by various methods such as 2.5D [91] or 3D, including
investment casting, extrusion forming, electrical discharge machining [92], and various
composite material manufacturing methods, including weaving, interlaced scanning, and hot
pressing [93], filament winding [94] and pile splicing [95].
Since laser additive manufacturing emerged in the late 1990s, the SLM technology makes
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possible precise manufacturing of lattice structure. The relative density, hole size, hole
position and hole connection can be artificially controlled[20], thus minimizing the structure
weight while effectively ensuring the mechanical properties of the parts. Nowadays,
additive manufacturing technology of lattice structure has become one of the research
hotspots [22]. In order to successfully apply the lattice structure manufactured by SLM in
industry, it must have considerable competition over the existing honeycomb materials.
From the viewpoint of mechanics, its properties are mainly specific stiffness and specific
strength. Under load, the repetitive mechanical behaviors of the lattice structure and the
predictability of these behaviors are the basic considerations for key structure. At a micro or
macro scale, we can effectively guide the manufacturing, improve its mechanical properties,
and expand its application by studying the mechanical properties of the lattice structure.
Although the support bar in the lattice structure is regarded as a space frame and is analyzed
and studied based on classical mechanics, special mechanical properties of the lattice
structure should also be taken into full account. In 2005, it was the first time to study the
mechanical properties of the lattice structure manufactured by SLM [96]. Deshpande et al.
[97] have studied the properties of the lattice structure dominated by tensile load. Wang et al.
[98] have studied the properties of the lattice panel based on 3D Kagome structure. Feng
Qixiang [13] have calculated the elastic modulus and yield strength of the lattice by the
Euler-Bernoulli beam theory. Dou Jian [99] have analyzed the force applied on the femur by
v), and achieved the lightweight construction of the bone implants depending on the lattice
structure. Son Pham et al. [100] have studied the effect of the cell arrangement inside the
porous structure on the mechanical properties of the structure. The mechanical performance
test data in some literature are summarized in Table 1.1, and are sorted according to the
studied lattice structure. Whereas SLM has significant advantages in manufacturing the
metal lattice structure [101], a growing number of researchers have designed the lattice
structure with higher specific strength and specific stiffness than traditional foaming
materials based on the mechanical properties of the SLM lattice structures [97,98,102,103].
Bai Long, Xiong Fei, Chen Xiaohong, et al. [104] have analyzed the force applied on BCC
struts and designed a new optimized structure-BCT, which provided a new design of
lightweight parts. Han Xuesong [20] has discussed the defects of the forming technology for
SLM-printed aluminum alloy lattice structure, and proposed a new design idea accordingly.
Enrique Alaborta et al. [105] have manufactured a porous structure similar to bone by
optimizing the lattice structure design with TI6AL4V as a printing material.
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With

respect

to

manufacturability,

SLM

lattice

structures

is

constrained

by

manufacturability. For example, a minimum inclination angle is designed in the
overhanging structure, and the structure cannot be manufactured at a smaller angle, without
a support structure [106]. This minimum inclination angle is related to process parameters,
material type and powder characteristics. Yan et al. have found that the support bar cannot
be manufactured at an inclination angle of <30°, resulting in serious deformation [107]. In
general, the angle is reduced to 45° [108]. Thin-walled structures manufactured by SLM
also have a minimum machining feature dimension. For example, Pattanayak [62] has found
that the parts with a wall thickness of less than 300mm cannot be manufactured by SLM. To
some extent, these constraints can be optimized by strictly controlling the process
parameters. For example, Santorinaios et al. have reduced the attachment quantity of
unfused particles by optimizing the process parameters, thus relieving the manufacturing
constraints [109].
What's more, the lattice structure manufactured by SLM has non-negligible defects which
seriously affect the mechanical properties and deformation behaviors [110], as well as its
functions, especially its resilience and failure response [111]. Studies have shown that the
failure mechanism of the SLM lattice structure not only depends on the unit cell and
geometry, and geometric defects of the SLM (such as the waviness of the support bar and
change in support size) also play an important role [112]. Microstructural defects generated
during SLM also have a negative effect on the properties of the lattice structure [113].
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Table 1.1 Summary of compression test experimental data in the literature

Structure

Materials

BCC

316L SS

Relative
density
(%)
3.5-13.8

BCC

316L SS

2.3-4.3

2.3-4.3

0.162

0.2-1

8.68-57.56 [115]

BCC、BCCZ

316L SS

5.3-16.6

1.5-2.5

0.25

0.92-15

50-2700 [116]

10

1

0.46-4.36

2-4

0.3

0.8-10.9

22.1-1246 [55]

2-7.5

0.3-1

4-124

110-2780 [117]

BCC、BCCZ

AlSi10Mg 0.7-22.2

BCC、BCCZ、FCC、 Inconel
2.5-13.8
625
FCCZ
BCC、BCCZ、FCC、
Ti6Al4V、
7.5-39.7
FCCZ、FBCCZ、
AlSi12Mg
FBCCXYZ
BCC、Octet-truss

SS 630
(17-4PH)

Diamond

Ti6Al4V

Dodecahedron
Gyroid
Gyroid、Schwartz
diamond

43

3.6-26.5
15.78-314.
Ti6Al4V
55
CP
26.7-31.3
titanium
Ti6Al4V

Unit cell Diameter Compressive Young's
size
of the Pole strength
modulus
(mm)
(mm)
(MPa)
(MPa)
1.25
0.19-0.22 0.36-5.89 17.89-378 [114]

5-95

9710

Ti6Al4V

70-90

Simple cubic

Ti6Al4V

19.4-36.2

Truncated
cuboctahedron、simple Ti6Al4V
cubic、diamond

[110]

[118]

8.2-99.64

370-4240 [119]

19.4-117.2

550-3490 [120]

2-3

44.9-54.5

1465-2676 [121]

3-7

47-1559

120-17190 [122]

4.7-9.1

690-1250 [111]

Octet-truss、
AlSi10Mg 10.4-14.7
Rhombicuboctahedron
Schwartz primitive,
cylinder mesh

21.71

1.5

0.37-0.58
0.54-0.64

20-34

920-2420 [123]
108-170

5360-8730 [124]

31.7-112.6 2180-4578 [125]

Firstly, a flood of literature concludes that the SLMed parts differ significantly in expected
and actual sizes. In essence, this is because the SLM molten pool has the minimum size
which does not exactly match the expected size, resulting in geometric differences and
possible size errors during SLM manufacturing. To compensate for this error, some scholars
moved the laser position to the inner vector by half the laser spot diameter [126]. However,
the errors may still be unavoidable. For example, Van Bael et al. [127] have found that the
minimum feature size of an about 180mm molten pool is limited when the scanning vector
is deviation inward by 40mm for 80mm spot scanning. Furthermore, some researchers have
reduced the size of the molten pool by reducing the laser power and increasing the scanning
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speed, but this also limits the porosity control and the limiting aperture must be reduced to
less than 400mm [128].
Secondly, the surface defects of SLMed parts are also the focus of research. During SLM
manufacturing, the molten metal may not be evenly distributed on the surface, but will form
droplets, called spheroidization, as shown in Figure1.6 [53]. In existing studies, this
phenomenon is observed at various laser energy densities. Spheroidization is one of the
important SLM process defects, which may lead to poor surface roughness of the parts, and
therefore has been the focus of research in laser additive manufacturing. In order to
eliminate this defect, Gu and Shen [129] have studied the spheroidization effect of 316L
stainless steel. Tolchko et al. [130] have studied the spheroidization kinetics of nickel alloy
materials and believe that spheroidization is mainly controlled by the wetting/surface
tension characteristics of the molten powder, solid powder and solid surface.

Figure 1.6 Spheroidization during SLM [53]

The inclination of a support bar in the lattice structure has a significant effect on the surface
quality [131]. The upper surface of the parts is in direct contact with the laser beam, on
which almost all material particles will melt. However, the lower surface without any strut
is in contact with the powder bed. When the molten pool is solidified, unmelted particles
will attach to the surface. This effect can be reduced by increasing the inclination angle of
the lower surface [78]. Specifically, the lower surface may be overhot during the SLM
process, which may lead to that partially molten powder particles attach to the surface [132].
The surface area of the lower surface is inversely proportional to the inclination angle, and
inclined struts with a smaller angle have a larger surface area of the lower surface, thereby
increasing the attachment possibility of unfused particles and reducing the surface quality.
However, in some application scenarios, the increase in surface roughness doesn't always
bring about negative consequences. For example, with the increase in surface roughness, the
biomedical properties of medical implants (such as cell attachment) are improved [133].
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Sarker et al. have found that the surface morphology of metal implants can be modified
depending on inclination angle to restrict the directed growth of S. aureus biofilms [134].
1.2.3 Research status of HEAs and additive manufacturing
HEA is the "newcomer" to the world of alloy materials [16,17]. A large number of
experiments have confirmed that HEAs can form a single body-centered cubic or
face-centered cubic structure phase or a simple mixed-phase structure of body-centered
vertical and side-centered cubic, which demonstrates that the principal elements with an
equal or approximately equal atomic ratio will dissolve into a simple structure without
forming complex intermetallic compounds.
HEAs generally have at least 5 metallic elements mixed at equal molar ratio or near equal
molar ratio and each of which has an atomic percentage ranging between 5% and 35% [135].
However, some researchers have suggested that four molar element alloys should be used as
HEAs [136, 137]. According to the definition, the entropy of HEAs is greater than 1.5R, and
is calculated by the following equation [138]:
n

Sconf   R  ci Inci

(1-2)

i 1

Where, R is the molar gas constant; ci is the molar fraction of the ith element; n is the
number of constituent elements.
The constituent elements of HEAs can be selected from transition metals, alkaline-earth
metals, alkaline metals, metalloids, nonmetals, etc., among which common elements are Co,
Cr, Cu, Fe, Mn, Ni, Hf, Ta, Ti, Mo, Nb, V, Zr, W, Zn, Al, Si, and B [139]. By selecting
appropriate constituent elements and adjusting their ratios, HEAs exhibit significant
mechanical properties at high temperature, good strength, ductility and fracture toughness,
as well as superparamagnetism, superconductivity and excellent radiation resistance at low
temperature [140-144]. Therefore, HEAs have an extensive application prosperity in
high-temperature turbine blades, high-temperature molds & dies, hard coatings, nuclear
reactors, etc. [145].
A large number of scholars have studied HEAs [44, 139, 143, 146, 147], but most of them
focus on design principles, metallurgical mechanisms, phase changes, micro-structures, and
properties of HEAs manufactured by conventional technologies. Some scholars have
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studied additive manufacturing and HEAs. An overview of the relationship between the two
is shown in Figure1.7 [148]. SLM is also advantageous to produce HEA parts, and the
high-energy laser beam can melt the powder into an almost fully dense product in the SLM
process. Meanwhile, ultra-fast cooling helps prevent the formation of intermetallic
compounds and element dissolution. However, rapid solidification results in a large
temperature gradient, even residual stress and cracks in the parts. Therefore, we mainly
consider the sensitivity to cracks and sufficient strength to counteract residual stresses
during SLM manufacturing of HEAs and element selection. For example, Li [149]
manufactured HEAs and bulk metallic glass (BMG) products by additive manufacturing,
and compared the processes, micro-structures and mechanical properties of the two. Chen et
al. have discussed HEAs manufactured by different additive manufacturing processes, and
compared their micro-structures and mechanical properties.

Figure 1.7 Relationship between high entropy alloys and additive manufacturing, including composition
design, powder development, manufacturing process and application fields [148]

HEA powder as the raw material for SLM directly determines the quality and performance
of the parts, and poor-quality powder will produce defects such as porosity, cracks and
inclusions during the SLM process. Figure 1.8 shows the SLM requirements for
high-entropy powders, including chemical composition, flowability, optical property and
thermal property. The literature suggests that the mixing entropy of the powder shall be
greater than 1.5R [150, 151], and better sphericity, smoother surface and narrower particle
size distribution contribute to higher powder flowability [152]. The most common
powdering techniques include powder atomization and mechanical powder.
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Figure 1.8 SLM requirements for high-entropy powders, where ΔSmix denotes the mixing entropy and R
is the gas constant [148]

Powder atomization is a process in which molten metals are broken into small drops of
liquid under high pressure of gas, water, plasma or rotary force, and then solidified into
spherical powder particles. Typical equipment is shown in Figure1.9(a). Mechanical
powdering is a high-energy ball-milling process by which fine metal powder suitable for 3D
printing can be manufactured. The typical process is shown in Figure 1.9(b).

Figure 1.9 Typical powdering device and schematic diagram: (a) gas atomization [148] and (b)
mechanical alloying [153]

Since complex parts with excellent mechanical properties can be manufactured with the
help of SLM technology, some scholars have developed and manufactured HEA parts by
SLM [154]. For example, Brif et al. [155] have manufactured high-strength and
high-ductility CoCrFeNi HEA products by SLM. We can analyze single-track, single-layer
and multi-layer separately to study how to manufacture HEAs by SLM. Piglione et al. [156]
have manufactured CoCrFeMnNi HEAs by SLM, and found that the direction of grain
growth was consistent with the direction of maximum heat flow during single-track forming;
during multi-layer manufacturing, the solidified molten pool was remelted in adjacent tracks
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or continuous layers for laser melting, and the competitive growth optimized the grain size.
Johnson et al. [157, 158] have proposed a prediction criterion based on the geometric size
of the molten pool to predict the manufacture of CoCrFeMnNi HEAs. Specifically, the
process parameters are defined by the thresholds of L/W, W/D and D/t, where L, W, and D
correspond to the length, width and depth of the molten pool respectively, and t corresponds
to the length & width of the molten pool and thickness of the deep powder layer.
1.3 Existing Problems and Shortcomings
With the gradual commercialization of SLM technology and equipment at the beginning of
the 21st century, the innovation of laser additive manufacturing concept for the parts made
of metal and metal matrix composite materials has accelerated significantly, and the
techniques, equipment & device development and related software products based on SLM
manufacturing principles have been upgraded continuously, in which case the SLM additive
manufacturing technology is applied in the fields of aviation, aerospace, healthcare and
chemical industry, etc., and has become a research hotspot in terms of basic research, which
not only expands the range of materials for SLM manufacturing, but also offers significant
technical advantages in multi-material integration, multi-functional configuration design
and complex structure manufacturing.
However, there are still scientific controversies and process challenges in the field of SLM,
looking at the results of basic research and basic applied research at home and abroad,
mainly reflected in the following:
The physical mechanism of ultra-fast non-equilibrium laser melting of raw materials in
spherical powder bed for printing should be further clarified. The particle size is normally
distributed, and atomized spherical powder for SLM forms a powder bed with a certain bulk
density during powder spreading, necessarily producing discrete pores. After the laser
irradiates the powder bed and causes the material to melt rapidly, how quickly does the gas
phase in the original powder bed and the gas phase introduced into the molten pool via the
rolled winding under laser impact pressure spill out of the molten pool? Thus, the porosity
process defects can be effectively avoided through rapid melting; the molten pool has a
complex flow at ultra-high temperature gradients, and its intensity and fluid dynamic
characteristics vary with laser process parameters, how to quantitatively establish a physical
bridge? How does ensure that melt alloy elements or compositions are uniformly distributed
18

in the molten pool during rapid melting and solidification? How to control the crystal
nucleation, growth morphology and grain orientation during solidification? Apparently, it is
difficult to efficiently and accurately clarify this series of physical mechanism problems and
establish an intrinsic melting and solidification model in response to the normalization
problem of a variety of materials in systematic and cumbersome process comparison
experiments. Therefore, these difficulties can be solved by scientific modeling and
computational deduction in computers to clarify and reveal the above problems. At present,
most SLM numerical simulations still take simple continuous solid as a laser object. We
have not yet designed a powder bed model suitable for powder spreading conditions, and a
physical model of laser heat source in discontinuous powder process is still lacking, in
which case we should establish a numerical model of laser-powder bed physical process
more compatible with the SLM process.
Lattice structure manufacturing with lightweight design, high specific strength or high
damping/energy absorption characteristics function oriented is one of main technological
advantages of SML additive manufacturing. Complex topological geometry, fine
manufacturing accuracy and integrated structural design are the goals of efficient
manufacturing difficult for traditional processes. However, it should also be pointed out that
the SLM manufacturing accuracy still has process limitations at the 100 microns level, in
which case we should quantitatively explore the relationship between refinement and the
formability, density, and mechanical properties of microscale lattice structures manufactured
by SLM while taking advantage of the complex lattice structures manufactured by SLM,
thus guiding the design rules and manufacturing process optimization. For example,
micro-rod with different forming angles in the lattice structures present non-negligible
differences in micro-morphological characteristics and mechanical property indexes in the
same laser process; different surface micro-roughness has a significant effect on the impact
resistance, fatigue and other properties of the micro-rod as well as the overall lattice
structure, and the research results on such quantitative mapping relationships still need to be
accumulated in the field of SLM research. Therefore, enriching the connotation of basic
research has important engineering value for further releasing the design freedom of
complex structures and formulating the design rules of lattice structures based on SLM
additive manufacturing.
The range of metallic materials for SLM additive manufacturing is expanding, and whether
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HEAs, as a new metallic material unlike traditional alloy design concept, better meet the
requirements of SLM manufacturing technology and how to improve the quality of HEA
parts manufactured by laser additive manufacturing is one of the hotspots in the field of
current SLM research. The multi-stage configuration of SLM additive manufacturing has
obvious characteristics, and the micro-structures of a significant portion of SLM alloy parts
has the multi-scale characteristic of significant correlation to laser process parameters, and
the preliminary research results of Cantor HEA SLM show that both the microscopic
intracrystalline cellular substructure and texture formed by fine differential grain orientation
are related to core process defects and surface manufacturing roughness, and present
different structural characteristics from traditional melting, casting, forging, rolling and
other processes, which not only affects the intrinsic strength of Cantor HEAs manufactured
by SLM, but also directly determines the macroscopic properties and service life of the
SLMed parts. In addition, it is still controversial whether there is a wide range of
secondary-phase

segregation

in

HEAs

manufactured

under

SLM

laser

rapid

non-equilibrium melting and solidification conditions, which also directly affects the fatigue
performance and damage tolerance of the parts. To improve the properties of high entropy
alloys manufactured by SLM through process modulation, material or phase control is also
one of the important goals of related scientific research. Therefore, specific to the basic
problems regarding the structure and performance of the HEAs for SLM additive
manufacturing, we still should conduct a great number of studies to promote the
high-quality applications of HEAs in wider industrial fields in the future.
In this regard, this paper focuses on the basic research and exploration of issues related to
the SLM additive manufacturing of Cantor HEAs and their lattice structures, with a view to
achieving certain breakthroughs in the physical mechanism of laser-powder bed, SLM
additive manufacturing of HEAs and material mechanism, strength mechanism and
structure & performance control.
1.4 Research Purpose and Main Tasks
As mentioned earlier, material design and manufacturing are a long research process, and
how to improve the manufacturing capability is a key issue in advancing the development of
HEAs. Currently, SLM manufacturing of Cantor HEAs is still in the preliminary stage of
exploration, so HEAs manufactured by SLM with high quality and stable performance has
great research potential in the industry. Starting from the forming mechanism, process
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optimization,

manufacturing

constraints,

mechanical

properties,

etc.,

this

paper

systematically studies the manufacturing of HEAs and their lattice structure and properties,
and the main research tasks are as follows:
(1) Equipment is an important carrier for solving major manufacturing technological and
scientific problems. Chapter 2 investigates the structural design method of SLM equipment,
process closed-loop control algorithm, process feedback and testing process, etc., completes
the development of the main mechanical structure of the equipment & control system,
design & manufacture of the collaborative beams, as well as integration and optimization of
the whole equipment software and hardware system on this basis, and finally builds an
intelligent industrial SLM-250 manufacturing platform, thus preliminarily achieving
closed-loop control over material-process-organization-performance. This chapter provides
hardware guarantee for future research.
(2) Chapter 3 reveals the manufacturing mechanism of SLM depending on finite element
simulation technique, with a molten pool as a research object. Under different process
parameters, the behavior of the laser molten pool is studied, including the shape of molten
pool and cladding layer, temperature distribution in the molten pool, temperature change
rate of the molten pool, and single-track, single-layer and multi-layer forming experiments
are conducted based on different process parameters. This chapter aims to clarify the
evolution of the powder bed under laser, especially the deduction of the powder bed fusion
forming process during laser rapid non-equilibrium melting and solidification, which
provides basic theoretical support for studying the SLM manufacturing.
(3) High-quality manufacturing assurance is the primary prerequisite for reliable additive
manufacturing. In order to find the optimal manufacturing process window, Chapter 4
investigates the process characteristics and mechanical properties of HEAs manufactured by
SLM, analyzes the influence laws of different process parameters on the forming quality,
microstructure and mechanical properties of Cantor HEAs, optimizes the manufacturing
process based on surface topography and density, and elaborates the causes of porosity
defects, motion paths, and the effect of process parameters. It focuses on the effect of
typical SLM processes on the static and dynamic mechanical properties, mainly analyzes
the strength and toughness of micro-scale and macro-scale forming samples, thus laying a
process foundation for SLM manufacturing of Cantor HEAs.
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(4) On the basis of the best manufacturing process parameters, in order to better
manufacture the lattice structures, Chapter 5 investigates how to manufacture the micro-rod,
elaborates the causes of defects in SLM manufacturing of micro-rod, and discusses the
effect of built angle, laser energy, etc. on the micro-rod forming, optimizes the quality of the
SLM micro-rod structure, mainly analyzes the surface roughness of the micro-rod, and
builds a roughness prediction model. The research results of micro-rod manufacturing can
provide theoretical basis and guidance for in-depth analysis on SLM manufacturing of
lattice structures.
(5) Chapter 6, taking the lattice structure as the research object, analyzes the design method
of the lattice structure, and discusses the effect of the cellular structure and structure size on
the properties of the Cantor HEA lattice structures manufactured by SLM; during the SLM
manufacturing of the lattice structure, the common manufacturing defects in the
manufacturing process are mainly analyzed, and the defects are classified and counted; the
mechanical properties of the lattice structures are evaluated by studying the deformation and
failure of different structures under compressive load; in order to increase the specific
strength of the lattice structure, ceramic particles are added to reinforce the material and a
remelting process is adopted to refine the grains of the parts and uniformly distribute the
particles, thus increasing the strength of the Cantor HEAs.
(6) In the end, Chapter 7 gives a summary and presents future research prospects for the
shortcomings.
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Chapter 2. Research and Development of Intelligent SLM Platform
2.1 Current Status and Shortcomings of SLM Equipment
As the SLM technology is a process in which complex part structures are manufactured
through layered melting of metal powder and continuous superposition forming, it has the
process characteristics of high-energy impact, high-power output, rapid non-equilibrium
solidification and high-temperature phase change. In order to ensure the continuous stability
of the rapid melting-solidification process of metal powder, there are strict requirements for
laser beam quality, atmosphere sealing, as well as equipment stability and mechanical
stiffness, and only equipment or devices with continuous & stable process or material
delivery capabilities can produce high-performance metal parts with macroscopic stability
and consistency, dense micro-structures, refined and uniform nano-grains by optimizing the
forming process. That is, the development of equipment structure technology lays a
foundation for the development of SLM technology. This chapter studies the structural
optimization design method, process closed-loop control algorithm, process feedback and
testing process of SLM equipment.
The basic requirements for SLM process control are as follows: the branches are operating
under unified deployment of the control system for 3D laser printing in a closed chamber
full of inert gas. The entire process flow is shown in Figure 2.1.

Figure 2.1 SLM equipment flow chart

In terms of hardware structure, SLM equipment is a complex mechanism in which multiple
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mechanisms are coordinated each other, mainly including laser beam system, mechanical
motion system, control system, scanning system, material delivery system and atmosphere
protection system. Among them, the beam system is mainly suitable for laser alignment and
focusing, as the key core of the equipment; the mechanical system is the hardware
foundation of the equipment; the atmosphere protection system is a process device to
prevent the oxidation and spheroidization of the high-temperature molten metal in the
forming process, and the control system is a key module to maintain the precise motion of
each module according to the process requirements. The overall level of the equipment can
only be guaranteed if each subsystem in the equipment has stable, reliable and precise
functions. The equipment principle is shown in the following figure:

Figure 2.2 Principle of SLM equipment composition

2.2 Research and Development of Structure and Function Modules of M-250
Equipment
2.2.1 Overall design of SLM equipment
According to the requirements of the SLM technology, this paper designs the overall
equipment scheme, optimizes and improves its basic structure based on the existing mature
SLM equipment, and determines the motion, system composition and part selection
principles of the mirror + laser and large-size parts especially mechanical and electrical
parts, and builds an economical, high-precision, high-reliability and intelligent SLM
forming platform based on existing machining conditions. It is worth mentioning that this
equipment is provided with a forming process monitoring system in the chamber to ensure
that the product forming process is monitored in real time and photographed in layers in the
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printing process, and the whole printing process is traceable after the printing, as shown in
Figure 2.3.

Figure 2.3 Forming process monitoring system

2.2.2 Functional module planning
The overall equipment is divided into atmosphere filtering area, printing area and operator
area from left to right. The atmosphere filtering area is used to filter and process dust in
atmosphere, set protective gas flow, and observe the oxygen content in atmosphere, etc.; the
printing area is located in the center, and is used for laser printing of forming parts, and the
front door can be opened for parts pick-up, substrate erection, powder cleaning, etc.; the
operator area is located in the right, and is suitable for system software operation, printing
status observation, power-on and -off operations, storage of various tools, etc. The overall
layout of equipment is shown in Figure 2.4.

Figure 2.4 Overall layout of equipment

Figure 2.5 is the module distribution diagram for each part of the equipment, in which ①
is an operating area of the oxygen meter and flow meter, ② is the smoke filter, ③ is an
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industrial computer and laser area for operating the industrial computer and laser; and ④ is
a working area where the rear window is opened and its sealing door can be opened left and
right, so that the personnel can operate the substrate, pick up parts or make observations. ⑤
is a falling powder bucket to recycle excess powder, ⑥ is a storage area for equipment
data, operation tools, printing substrates and replaced spares and spare parts for centralized
storage, installed as a drawer for easy storage.

Figure 2.5 Function module diagram

The overall dimensions of the equipment are as follows: the total length, the total width and
the total height of the equipment are 3,620mm, 1,505mm and 2,000mm respectively
(excluding three-color indicator light). The operating window has a height ranging between
1,200-1,300mm, as the most convenient operating space, as shown in Figure 2.6.

Figure 2.6 Overall dimension

2.2.3 Analysis and optimization of mechanical structure
The design objects of the mechanical structure of the equipment mainly include the
mechanical structure of the moving parts in the 6-axis linkage space under coordinated
movement, the four-lens beam expanding system, the mechanical structure of the driving
parts of the Z-direction focusing system, the mechanical structure of the large forming
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cylinder bearing, and the mechanical structure of the high-precision two-axis synchronous
powder spreading system.
According to the requirements of SLM forming technology, this mechanism must assign the
characteristics of low inertia, low elasticity, short time lag, relative sensitivity and small
forward & reverse clearance to the moving parts, and provide sufficient redundancy under
extreme interference to avoid the downtime of the whole equipment when any part is
damaged. For ultra-high-strength alloy materials, we must study a mechanical structure with
a large bearing capacity, and accurately design various parameters of the load-bearing parts,
including shaft profile, shaft diameter, length, material, surface solutions, service life and
installation methods; we shall also consider the convenience of installation and maintenance,
connection methods, assembly methods, interference relations, etc. In addition to precise
fitting of moving parts and driving parts, we should reduce the coupling relationship and
facilitate disassembly & assembly, and finally manufacture a mechanical load-bearing
mechanism under which the cylinder and powder spreading module precisely move for laser
forming of alloy materials.
2.2.4 Key function module design and solution optimization
(1) Beam system
The structural design of the laser beam has a significant effect on SLM forming. The beam
system includes laser beam quality, output diameter, energy stability, laser wavelength and
beam divergence angle. Among them, the laser beam quality directly reflects the focusing
performance of the beam and determines the final processing resolution of the SLM
equipment; the beam output diameter determines the spot size; the beam energy stability
determines the stability of the SLM forming process; the laser wavelength not only affects
the focusing ability of the beam, but also affects the ability of the material to absorb laser.
As a light source of SLM equipment, fiber laser is a kind of mainstream equipment. In
addition, the light sources of some market-available equipment are Nd and CO2 gas laser
[159]. Compared with CO2 gas laser with a beam wavelength of 10,640nm, the wavelength
of the fiber laser is generally approximately 1,064nm, so the laser spot of the fiber laser is
smaller than that of CO2 laser under the same focal length, so the SLM forming is
characterized by higher fineness and is more suitable for lattice structure SLM process.
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Compared with Nd gas laser, the fiber laser with similar output wavelength still has several
advantages [160].
Table 2.1 The differences between fiber laser and gas laser
Advantages of fiber lasers
Precise form
Higher photoelectric
conversion efficiency
Higher power stability
High reliability

Detailed comparison

Fiber laser

The minimum spot can reach
0.05mm below
The photoelectric conversion
efficiency is 33%
The typical power stability value is
1%
Basically no need to replace
consumables and spare parts

Gas laser

The minimum spot is 0.3mm
The photoelectric conversion
efficiency is 3%
The typical power stability value is 5%
Pump lamp replacement is usually
required every period of operation

To control low M2 factor beam and high-precision beam, the original imported IPG Yb
fiber laser of well-known brand is selected as the light source, and its main parameters are
shown in the following table.
Table 2.2 Product parameter fiber laser
Items
Parameter
Minimum spot diameter

≤0.1mm

Maximum power

≥500W

Laser wavelength

1060-1080nm

Expected life time

≥10000h

Laser beam quality

＜1.1

Laser power output range

10%-80%

In addition to the laser, laser scanning mirror is another key component of the beam system,
and is mainly composed of two mirrors perpendicular to the rotation axis. Driven by the
mirror motor, the scanning mirror reciprocates or rotates at a high speed, and deflects and
controls the laser scanning path. The effect of scanning mirror on SLM forming is
summarized as follows:
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Table 2.3 The impact of scanning mirror on the SLM forming

Scanning mirror
Clear aperture
Repeated
positioning accuracy
Drift

Influence on SLM forming
Maximum spot diameter that can be used
Determine the forming accuracy
The feedback of the system will have a certain response delay, which will
cause the deviation between the actual trajectory and the planned trajectory
In practical work, due to the motor operation, laser irradiation and other

Significant

reasons, the temperature of scanning mirror system will rise, which

long-drift motion

affecting the stability of components, resulting in the deviation of the laser
trajectory

Positioning speed

The deviation speed of the motor directly determines the working

(Scanning speed)

efficiency of SLM

After reflected by the mirror, the laser is focused by the focusing lens. Unlike ordinary
focusing lens, F-theta lenses (also known as "flat-field focusing lens") focus the laser across
the entire processing plane. The larger the area scanned by the laser during work, the larger
the machining range. However, this will exert some negative effects, e.g., larger light spots
and increased distortion.
Finally, the beam system design scheme of this equipment is as follows:
① SCANLAB high-precision scanning mirror.
② Scanning speed: ≥1m/s, maximum positioning speed: 6m/s.
③ The scanning mirror with cooling function can reduce long-term drift and guarantee
long-term forming accuracy.
④

Lens gas protection for effectively preventing dust in the working chamber from

attaching to the lens.
⑤ F-theta lens focusing lens;
⑥ F-θ lens with optical structure.
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(2) Powder spreading system
The powder spreading and feeding system is crucial in SLM forming equipment, because
the spreading quality of metal powder directly determines the quality of the formed parts,
and the metal powder layer should be smoothly and uniformly spread by powder spreading
and feeding device. Under general circumstances, according to the relative positions of the
feed chamber and the forming chamber, the powder is mainly fed in two ways: upper
powder feeding structure and lower powder feeding structure. In this design, the upper
powder feeding structure is used. At present, powder is generally spread by powder
spreading roller and scraper. If powder is spread by roller, the entire process will consume
more powder, and the thickness of the powder layer should not be too thin, generally
between 0.05 and 0.25 mm. Besides, powder is easily attached when the roller rotates and
rolls the powder layer, in which case the powder layer is not fully smooth and uniform and
the forming process gets worse. In contrast, the scraper is simple in structure and easier to
ensure that powder is successfully spread, and the powder layer is relatively smooth and
uniform. Moreover, since the scraper moves in a linear reciprocating motion, powder
spreading by scrapper is much easily controlled than powder spreading by roller. Therefore,
the structure of powder spreading by scrapper is applied into SLM forming equipment
design.
The powder spreading system of this paper is provided with lead rail scraper and
bi-directional powder spreading from left and right. There are falling powder recovery tanks
on the left and right side of the working cylinder, underneath which a stainless steel sealed
barrel is placed to recover the excess powder. The powder spreading lead rail is erected on
the beam. Specifically, double lead rails are erected on the rear end, while single lead rail is
erected on the front end, as shown in Figure 2.7.

Figure 2.7 Powder spreading structure design scheme
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In order to check the smoothness and straightness of the scraper lead rail motion, double
lead rails for simultaneous rotation and driving of double pulleys are arranged, and a grating
ruler is mounted to check the movement accuracy. A blowing device is arranged on the left
side of the lead rail for blowing to prevent dust. In addition, the lead rail is provided with a
scraper to scrape away excess dust, and organic oil recovery boxes are arranged on both
sides of the guide rail for recycling. The motor is driven by a 750W servo motor, and the
motor pulley is tested by a proximity sensor for smooth running. The lead rail is 20mm wide
(model: HIWIN HGH 20CA ZBP).

Figure 2.8 Motor lead rails design scheme

An angle gauge is mounted on the scraper platform to measure the levelness during motion,
as shown in Figure 2.9. Moreover, the angle of the scraper can be adjusted or the scrapper
can be replaced, and a ceramic scraper or a rubber scraper can be mounted.

Figure 2.9 Scraper platforms design scheme
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A parallel air flow rectifier is arranged at the rear of the scraper to smoothly blow the filter
gas above the melting area and return it to the filter system through the filter gas guide box,
as shown in Figure 2.10. The rectifier can be removed from the front operating area for easy
cleaning or replacement.

Figure 2.10 Air blowing system design scheme

In order to leave a space for scraper motion, the sealing plates in front and rear of the lead
rail must have two grooves. With reference to foreign equipment with multiple models, a
roll curtain shield is arranged in protection grooves, PVC coated fiberglass cloth is applied
on left and right sides for multi-layer protection, as shown in Figure 2.11.

Figure 2.11 Roll curtain protection design scheme

(3) Falling powder system
The powder falls when a falling powder roller rotates underneath the falling powder hopper,
and the roller surface has a groove, which drives the powder down during rotation. The
falling powder roller is driven by servo motor equipped with tension control system to
ensure smooth and uniform rotation. In order to improve the printing efficiency, two sets of
falling powder systems are installed on the left and right sides for bi-directional powder
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spreading, and the efficiency can be at least doubled. In addition, only one scraper is
installed, which provides more convenience compared with double scrapers, with the
difficulty in simultaneous leveling. The whole falling powder system is shown in Figure
2.12.

Figure 2.12 Falling powder system design scheme

In order to more accurately detect the powder height of the powder bin, two height gauges
are installed and symmetrically distributed above the falling powder hopper to check the
powder accumulation position at the waist and avoid that powder only at the highest point
can be detected when one height gauge is used alone, because the powder is accumulated in
the middle. Its schematic diagram is shown in Figure 2.13.

Figure 2.13 Falling powder detector: (a) comparison of unilateral probe and bilateral probes, (b) design
scheme

In order to improve the efficiency of falling powder, there is a need to prevent falling
powder from blocking the falling powder roller. The innovations of this paper lie in that a
copper transition groove is arranged between the falling powder hopper and the falling
powder roller, and a pneumatic vibrator is installed to produce vibration by taking
advantage of the elasticity of the copper material, so that the falling powder can
continuously vibrate and increase to avoid blocking the falling powder position.
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Figure 2.14 Falling powder vibrating device

2.2.5 Selection and check of leading screw and lead rail
As the most important transmission components of SLM equipment, the accuracy and
reliability of the leading screw and lead rail determine the accuracy of SLM process control,
action stability, reliability, etc. Therefore, this paper focuses on the design and analysis
calculation of these transmission components to ensure that SLM equipment can provide
preset controls and functions.
(1) Leading screw design
The working cylinder is of lead rail + leading screw structure, in which the lead rails are
erected on both sides of the vertical plate. The lead rails are kept straight and perpendicular
with the help of the positioning grooves and positioning pins of the vertical plates. The
leading screws are mounted at the rear of the cylinder, and the leading screws are kept
straight and perpendicular on the vertical and horizontal planes of the mounting base top
block and block connecting leading screw and lead rail.
The motor leading screw is placed at the rear of the working cylinder for easy maintenance.
Besides, a grating ruler is installed in the leading screw drive. In this way, even if there is a
certain error between the servo motor (absolute encoder) and the screw drive, the error is
compensated or calibrated through real-time judgment and comparison by collecting the
grating ruler scale value for future calibration, etc.
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Figure 2.15 Design scheme of leading screw and transmission mechanism

In order to keep the working substrate level, an angle gauge is installed underneath the
multilayer sealing plate of the working cylinder for real-time measurement and remote
monitoring. In addition, the values of grating rulers and servo motors can also be remotely
monitored.
The leading screw is ground according to Class C1, pre-loaded by P4 and pre-tightened by
leading screws. In order to maintain accuracy, the shaft system is provided with a
double-row angular contact ball bearing at the driving end, and has the characteristics of
bi-directional axial load. Moreover, this double-row symmetrical arrangement can prevent
radial circular runout and keep uniform axial load. Taiwan TBI (model: SFV04010-4 C1 P4;
diameter: 40mm; lead: 10mm) is finally selected.
(2) Strength check of leading screw
The mechanical conditions of leading screws are shown in Table 2.4.
Table 2.4 Mechanical conditions of SLM equipment operation
Parameter
Numeric value
The average speed
300r/min
Maximum speed of
720r/min
revolution
Support width
950mm
Estimated weight of strut
M=0.26*0.26*0.3*8000 + 90kg(the weight of the middle plate of cylinder
member
body) = 250kg
Guide friction
0.002,Sliding resistance is negligible
coefficient
Average working load
Fm=250×10=2500N
Mechanical life
Lh=12hr×250days×10years×0.69(the transmission rate)=18000hr
Accuracy of positioning
C0
Safety factor
fs=5
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The load on leading screw is calculated as follows:
FC  K F  K H  K A  K m  1.2  1.0  1.0  2500  3000  Kgf 

(2-3)

where, KF is the load factor. If stable without any impact, KF is taken as 1~1.2; KH is the
hardness factor. Given HRC>=58, KH is taken as 1.0; KA is the accuracy factor (1-5 levels),
and is take as 1.0.The rated dynamic load is calculated according to the safety factor:
C a  FC  f S  3000Kgf  2  6000

 Kgf 

(2-4)

C oa  FC 0.5  f S  12000  Kgf 

(2-5)




The dimension of leading screw is selected according to C a  C a ， C oa  C oa , as shown in
Figure 2.16. Where, dynamic rated load Ca=6,316Kgf; static rated load Coa=18,600Kgf;
stiffness K=85.

Figure 2.16 Dimension diagram of leading screw
3

1
 Ca 
The actual life Lt  
106  846116 (h) of the leading screw is longer than
 
FC
60nm


18,000 hours, so the leading screw has a reliable life.
As the leading screw is long and one end is fixed in the axial direction, it may become
unstable during work. Therefore, its safety factor S shall be checked during design, and its
value should be greater than [S]. The maximum load on unstable leading screw is called the
critical load Fcr :
Fcr 

 2 EI a
(l )2

(2-6)

Where: E - elasticity modulus of leading screw (E = 206GPa for steel); I a - axial moment
of inertia on dangerous section of leading screw I a 
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 d14   0.032 4

 5.14 10 -8（m 4）;
64
64

l - working length of leading screw, l =0.8m ;  - length factor,  = 2 3 for double
push - simple support. Given Fcr 

 2 EI a  2  206  109  5.14  10-8

 3.67  105 ( N ) , the
2
2
(l )
(2 / 3  0.8)

 2 EI a  2  206  109  5.14  10-8

 3.67  105 ( N ) . The leading
safety coefficient is Fcr 
2
2
(l )
(2 / 3  0.8)
screw is safe, namely instability will not take place.
To avoid the resonance of the leading screw during work, the critical speed ncr

of the

leading screw shall be greater than the speed 720r/min at which resonance may occur.
Trough calculation, ncr  9910

f c2 d1
 17192（r/min) . Therefore, the leading screw will
( l )2

not resonate.
(3) Thermal strain countermeasures and stiffness checking calculation
In general, the leading screw is expected to have a temperature rise of about 2-5°C, so there
is a need to set the pre-tension and correct the thermal strain deviation. Taking the
temperature rise of 2°C as the calculation value, the elongation of the thermal strain is

l    t  l  0.0223mm , so the necessary pretension is Fp 
The

axial

 SF 

stiffness

of

the

EAl
 389Kgf .
L

leading

screw

is

PL
61.2  950

 0.0009mm , the stiffness of single nut is
4 AE 4     322 4   206  104
1/3

 NS
(=

K  Q2 
1


  (mm)
sin   d 


.

Where,

Q

is

the

load

on

single

steel

ball

P
612

 18Kgf ); n is the number of steel balls (=4.8); k is a constant,
n  sin  4.8  sin 45

and depends on material, shape, size, etc., k=5.7×10-4; β is a contact angle β=45°; P is the
axial load 61.2Kgf; d is the diameter of steel ball (=2.381mm); 

is the accuracy, an

internal structure coefficient; m is an effective number; D0 is the diameter of the steel bar
center; l is the lead; α is the lead. Thus,  NS  0.006mm . The stiffness of the support
bearing is calculated according to nut stiffness 50Kgf/μm (  B 
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612
 0.612  m ).
50  2

Therefore,  Totai   SF   NS   B  7.9  m . Generally, the lead error of the leading screw
shall be smaller than 1/2 of its transmission accuracy. Given that the transmission accuracy
1
is 0.02mm,  Total    10  m . Thus, the stiffness of ball screw is acceptable.
2

The leading screw shaft is mounted by fixed support, and a double-row angular contact ball
bearing is mounted at its fixed end (bearing code 3206A, basic rated dynamic load
Cr=27.8KN, equivalent dynamic load Pr=6KN, basic rated static load Cor=27.2KN).
The

bearing

only

bears

axial

force,

so

the

P  Fc  3000 N  Pr  C r , and the bearing life is

equivalent dynamic load, and 
basic rated

equivalent

dynamic

load



106  C 
Lh 
  , where P is the
60n  P 

is the life coefficient. For ball bearing   3 , C is the

dynamic load of the bearing,

Cr=27.8KN,

so the bearing life,

3

106  27.8  2  1000 
5
Lh 

  3.24  10（h）, up to the requirements.
60  300 
3000


In this structure, the leading screw shaft only transmits torque, and the minimum diameter of
the shaft d 

3

9.55  106 P 3 9.55  106  2.87

 12.9mm . The minimum shaft diameter of
0.4  T  n
0.2  211.1 300

the screw shaft in this paper is d=40mm, up to requirements.
Torsional strength:  T 

T 9.55 106  P / n

  T  , where T is the torque ((N·mm))
WT
WT

transmitted by the shaft, T=7,800N.mm; WT is the section modulus in torsion,
WT=πd3/16=2,714mm3; P (kW) is the powder transmitted by the shaft, P=0.75kW; n (r/min)
is the shaft speed, n=300r/min;  T  is the allowable shear stress,  T   211.1MPa . Thus,

T 9.55 106  2.87 / 300
T 

 33.66MPa   T   211.1MPa . Therefore, the strength is
WT
2714
acceptable.
2.2.6 Development of control system
The control system is of double closed-loop structure, in which the inner closed loop is a
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speed loop, and the outer closed loop is a position loop. To realize the linkage and spatial
coordination of more than 4 independent shafts, the control system hardware platform is
provided with SIMOTION D445 with 4-axis control as a motion controller, and 4
SINAMICS control units are connected with PROFIBUS bus. Its control diagram is shown
in Figure 2.17.

Figure 2.17 Closed-loop control diagram of control system

The equipment control and process control are shown in the following figure:

Figure 2.18 Process Software and Control Software

The final equipment is shown in Figure 2.19.

Figure 2.19 Finished product display
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2.3 SLM Process Quality Online Monitoring and Process Parameter Self-optimizing
Control System Development
In order to better control the additive manufacturing process, we have developed and
improved process monitoring and control strategies during extensive research [160]. Among
them, the quality of parts has been predicted through real-time monitoring [161], and the
overall technology is relatively complex [162] to monitor the dynamics of the molten pool
in real time [163] and monitor energy transfer in materials [164]. However, since it is
relatively difficult to measure a large number of parameters related to the solidification
process (such as cooling rate and thermal gradient), real-time monitoring is still quite a
challenge [165].
Based on the hardware foundation mentioned above, we have optimized and analyzed
multiple key factors in the process of structural design and control system development,
aiming to preliminarily investigate the closed-loop process in the control system, and
conclude the interaction law among various related parameters through equipment
development, thus providing a theoretical basis for the design of the quality, damping,
stiffness and rotational inertia of the system components and the selection of the servo
motors, achieving the closed-loop control over material-process-organization-performance,
and improving the stability, reliability and convenience of the equipment and process. In
order to achieve on-line detection and correction of the motion system, we can build the
motion system detection and correction system of the bus-type control architecture, and
develop the modular motion control unit interface to achieve high detectability and fault
tolerance of the motion system; according to load characteristics and accuracy requirements
in different processes, we can dynamically establish motion control detection and
self-correction methods.
Based on on-line monitoring of process-oriented multi-source parameters and closed-loop
coupling process control objectives, we have designed and established an intelligent
diagnosis and processing mechanism for motion system, build a fault parameter set based
on motion hardware system, and offer fault diagnosis and intelligent processing of the
online motion system with the accuracy and quality of the 3D printing system as evaluation
indicators. By analyzing the process cross-section of the laser melting forming using modal
analysis software, we have imported the STL process model file into the manufacturing
process system, and then projected to six axes of the space coordinate system; we have
40

discretized the projection curve or arc at all the dimensions by variable-step discrete method,
expressed as the motion distance or rotation angle at all dimensions in discrete mathematics.
Based on motion distance or rotation angle, the motion control unit is connected to drive the
moving parts at all the dimensions for synchronous forming.
Moreover, the feedback system is of two-layer structure of loop control and loop setting
control, and integrates modeling and control, feedback and predictive control based on
multi-source information of image, sound and data. The temperature field sensors (thermal
imager and high temperature CCD) can monitor the temperature field in the forming area in
real time, and understand and analyze the processing quality based on data information
given by the sensors, and automatically adjust the machining process, in which case the
temperature gradient in the whole-process temperature field layer tends to be reasonable,
thus minimizing thermal stress and residual stress and avoiding quality problems such as
curling and warping.
Based on the above design ideas, an active vision-based monitoring method for online
morphology and outline of the forming area is initially developed. The CCD vision system
is used to extract the geometric outline of each forming surface by the image real-time
analysis method, and the machining errors and the areas where stress and defects may
appear are analyzed in advance, and the machining process is adjusted in time. Its detection
principle is shown in Figure 2.20.

Figure 2.20 Multi-source image based fusion detection and process closed-loop control
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2.4 Powder Spreading and Influence Factor Analysis
2.4.1 Effect of different substrate positions on powder spreading
In order to verify powder spreading at different positions of the substrate, 9 cylindrical parts
are manufactured on the substrate, and their positions are shown in Figure 2.21. Each part is
composed of three identical barn-shaped structures, each of which has an opening. Before
cylindrical parts are cut from the substrate, the openings are sealed with plastic adhesive
tape. Before and after powder removal, the cut parts are weighed in three parts by TG328B
analytical balance with an accuracy of 0.1mg, and the volume fraction and powder filling
rate of the collected powder are calculated by the following equation:
volume fraction 

the quality of the collected powder
the volume of the collected powder

powder filling rate 

volume fracion
density of parent metal

(2-7)
(2-8)

Figure 2.21 Powder collection device arranged on the substrate: (a) collection location; (b) collection
device

Table 2.5 shows the powder filling rate at different collection positions. Figure 2.22 shows
the particle size distribution of the collected metal powder. It can be seen that there is no
significant difference in the particle size distribution at the same position but at different
heights.
Table 2.5 Powder filling rate from different collection positions

No.
1
4
7

Position
Upper
Median
Lower
Upper
Median
Lower
Upper
Median
Lower

The fill
69.5%
70.9%
71.7%
71.1%
72.3%
72.5%
70.4%
69.9%
71.3%

No.
2
5
8

Position
Upper
Median
Lower
Upper
Median
Lower
Upper
Median
Lower
42

The fill
74.1%
76%
75.6%
77.5%
78.2%
77.9%
73.6%
72.4%
73.1%

No.
3
6
9

Position
Upper
Median
Lower
Upper
Median
Lower
Upper
Median
Lower

The fill
67.2%
66.8%
69.1%
69.5%
70.1%
68.1%
66.3%
69.1%
69.5%

Figure 2.22 Size distribution of powder particles at different positions on the substrate
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2.4.2 Analysis on difference between different powders
When the set layer thickness is equivalent to the average particle size, each layer of powder
is more unevenly distributed in the presence of large-particle powders [161], thereby
increasing the surface roughness. However, when the layer thickness is greater than the
average particle size, large and small particles may be accumulated, thus improving the
uniformity of each layer of powder and reducing the roughness. However, during the
powder spreading process, due to the difference in particle size distribution on the powder
bed and the larger specific surface area per unit volume [162], fine powder may cause local
temperature rise and affect the molten pool, resulting in different surface roughness [163].
In general, metal powder is recovered, sifted, and recycled to save powder in the SLM
manufacturing process. Therefore, the differences in different powders are analyzed to
determine the effect of new powder or recycled powder on SLM.
To evaluate the sphericity of the metal powder, the roundness of the powder particles can be
measured in the SEM image. The roundness of the powder particles is defined by the
following equation. The roundness ranges from 0 to 1. If the particle cross-section is a
standard circle, the roundness = 1. The area and perimeter of the particles are measured by
Image J software in the SEM image, and the roundness is calculated. In order to keep
accurate, at least 50 particles are selected from each batch of metal powder samples for
analysis.
roundness 

4  area
perimeter 2

(2-9)

Figure 2.23 shows the particle size distribution of different powders. As a whole, the
powder roundness increases with increasing area fraction. The recycled powder is
essentially a mixture of the original powder and the by-products from the SLM process, and
its shape distribution is roughly similar as sifted powder. However, in addition to the peak
area fraction of 0.9, there is also a peak when the roundness is 0.6 (see Figure 2.23(b)),
which may be related to the splash produced by laser melting [164].
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Figure 2.23 Shape distribution of powders from different sources: (a) sifted powder;(b) recycled powder

2.5 Summary
To keep SLM printing quality stabile, we have developed and studied equipment structure
design, process feedback and closed-loop detection in this chapter, including:
(1) We have investigated the optimal structural design method of SLM equipment, process
closed-loop control algorithm, process feedback and testing process, etc., finished the
development of the main mechanical structure of the equipment & control system, design &
manufacture of the collaborative beams, as well as integration and optimization of the
whole equipment software and hardware system accordingly, and finally built an intelligent
industrial SLM-250 manufacturing platform.
(2) Based on characterization, identification and self-adaptive control technology of SLM
equipment operating state, we have developed 3D printing equipment self-diagnosis and
self-detection system for functional self-maintenance and fault self-recovery of 3D printing
energy source, execution system, environmental parameters and motion mechanism;
(3) Based on the SLM process quality online monitoring and process parameter
self-optimization technology, we have achieved online monitoring and process control of
3D printing layer-by-layer shape accuracy and micro-defects.
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(4) Through powder spreading test on the manufactured SLM equipment, it is found that the
powder collected at different positions and heights has little difference, which proves the
equipment stability.
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Chapter 3. Molten Pool Behavior of SLM Forming and Effect of Process
Parameters
3.1 Basic Physical Phenomenon of SLM Forming Process
In view of large temperature gradients [165], complex three-dimensional geometric
structures [166], local melting [167], complex heat transfer paths [168, 169], etc., SLM is a
very complex multiphysics process: the entire forming process comes with many thermal
phenomena, including thermal radiation of laser to powder bed surface, thermal radiation
and convection between powder bed surface and external air and thermal conduction
between powder particles, as shown in Figure 3.1.

Figure 3.1 Thermal phenomena in SLM process

(1) Energy diffusion analysis
In terms of energy, it is an energy absorption process when the laser beam irradiates the
surface of the metal powder bed in the SLM forming process. Considering that the metal
powder particles are spherical and there is a gap between the particles, the laser beam
irradiates the internal powder through the gaps after irradiating the powder layer surface.
After multiple reflections, the absorption of powder to laser energy is significantly increased.
According to the first law of thermodynamics, the energy conversion in a closed system
conforms to the conservation law [170], and the energy can be divided into three parts [171]:
part of the energy is absorbed by metal powder for metal powder melting; the other part is
reflected by the metal powder layer, namely lost energy; the last part is transferred to the
internal powder and the entity through the surface powder, which heats up the surrounding
powder and the entity, called energy flow induced by heat transfer. These phenomena all
47

happen in the melting process, and the probability of each phenomenon depends on the
powder size, powder bed density and material properties [171, 172]. This process can be
depicted by the following equation:
(3-1)

E  Eabsorption +Ereflection +Etransmission
(2) Powder phase change analysis

Starting from powder particles, the SLM forming process is a process in which the metallic
material powder is melted and then solidified into a solid again. Under heat source, metal
powder melts into droplets, which are moistened, spread and solidified on the substrate.
Continuous droplets form a track, and then are collected layer by layer to form a
three-dimensional entity. In the actual process, the entire SLM process is very complicated.
Not only is it affected by the interaction between capillary driving force and inertial
resistance, the droplets also compete with each other in the rapid solidification process. In
the process of layer-by-layer collection, the spheroidization or shedding and other
phenomena are all related to wetting.
The wetting between the liquid metal and the substrate can be explained by the interfacial
thermodynamics theory. When no chemical reaction occurs at the contact interface, three
phases of liquid, solid and gas are in equilibrium, as shown in Figure 3.2. The interfacial
free energy equilibrium equation is as follows. Given  SV   SL   LV

and cos   1 ,

metal drops can be spread on the solid substrate to moisten the substrate.

 SV   SL   LV cos 

(3-2)

Assuming that the effect of temperature gradient is not taken into account under isothermal
conditions, the dynamic behavior of the droplets is mainly affected by two dimensionless
parameters, namely the Weber number and the Ohnesorge number, in which the Weber
number describes the driving force, while the Ohnesorge number depicts the resistance. In
the SLM process, the Weber number and Ohnesorge number are both <1, indicating that
droplet spreading is mainly driven by capillary force and hindered by inertial force.
In consideration of the effect of temperature gradient, we can describe the dynamic behavior
of the droplets by the spreading equation, where Rb represents the contact radius between
the droplet and the substrate, and

t

 a3 / 

denotes the dimensionless time:
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 0.9t
Rb
 2.4 1  exp 
  a3 / 
a








(3-3)

In the actual SLM process, the liquid droplets experience two processes on the substrate:
(1) Wetting and spreading under capillary force;
(2) Solidification occurs after temperature drop. The spreading, heat transfer and
solidification of droplets happen almost simultaneously, and are a non-equilibrium process.
Therefore, the competition occurs between spreading and solidification. θ in Figure 3.2 is a
dynamic contact angle between the droplet and the substrate. The angle becomes smaller
during spreading while larger during solidification. Only when the dynamic contact angle is
greater than the solidification angle, liquid droplet may be spread.

Figure 3.2 Liquid droplet during SLM process

3.2 Numerical Simulation Analysis on Factors Affecting SLM Forming Temperature
Field
Gusarov et al. [173] have simulated and analyzed the temperature distribution in the SLM
process, and believed that the molten pool depended on the scanning speed, powder layer
thickness, and optical & thermal properties of the materials to estimate the process stability.
The results show that thermophysical phenomenon is highly dependent on machining
parameters (laser power, scanning speed, powder layer thickness, material properties, etc.).
Since the thermal interaction of the continuous layer affects the temperature gradient and in
turn the temperature gradient determines the heat transfer and thermal stress development
mechanism, Roberts et al. [174] have proposed a three-dimensional thermal model for
TiAl6V4 parts manufactured by SLM based on temperature-dependent thermophysical
properties to improve the calculation accuracy, and have found that the laser scanning area
experiences a rapid thermal cycle, accompanied by a corresponding stress cycle. Ali
Foroozmehr et al. [172] have divided the calculation steps of finite element simulation into
some sub-steps after considering the laser penetration depth, in which the materials become
from "powder" to "solid" for a better calculation accuracy, and have found that the size of
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the molten pool is different from the beginning to the end of the track, and from the first
track to the next track. However, the size of the molten pool remains stable after repeated
tracking. By far, although the thermal behavior of the metal powder system has been studied
in the laser processing process through some numerical simulations, there is still a need to
further improve and optimize the 3D simulation model for more accurate calculations and
actual manufacturing process simulation.
This chapter provides simulation and analysis of the SLM forming process, and investigates
the effects of laser power, laser scanning speed and other parameters on the printing molten
pool and single-track cladding layer under certain working conditions to more intuitively
investigate the SLM manufacturing mechanism and provide guidance for optimizing
relevant process parameters.
3.2.1 Modeling of Gaussian moving heat source
In the SLM process, laser energy is delivered to the powder bed in the form of heat flow
density, causing the powder to heat up rapidly until it melts locally. As discussed earlier, the
laser beam is reflected by the powder layers for several times when passing through the
powder bed. This phenomenon will lead to serious deviations in the energy distribution
underneath the surface [175], and the laser power intensity decreases as the laser penetrates
the powder bed, so the estimate of an appropriate effective laser radiation depth is crucial
for numerical simulations [172], which is a depth at which the laser energy absorbed by the
powder is reduced to the laser energy 1 e absorbed by the surface of the powder bed [176].
To take this effect into account and simplify the model, the energy is assumed to be
uniformly distributed within the effective laser radiation depth.
For heat source modeling, the Gaussian model is the most widely used, and the irradiance is
symmetrically distributed across the laser beam [177]. The maximum irradiance of the laser
occurs at the center of the beam, and the irradiance is symmetric along the propagation
direction, as shown in Figure 3.3. Mathematical expression [178]:
 2r 2 
2 AP
q
exp   2 
 R2
 R 
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(3-4)

Where, P is the laser power; R is the radius of the Gaussian laser beam (i.e. the distance
from the center of the laser beam to the point where the energy is reduced to 1 / e 2 ); r is the
radial distance from a point on the surface of the powder bed to the center of the laser beam;
and A is the laser energy absorption rate of the powder. The absorption coefficient depends
on the surface properties, oxidation degree, laser wavelength, temperature, etc. of the
materials [179]. At different temperatures, the absorption coefficient of the powder to laser
energy is fitted by Matlab. Its mathematical expression [180]:
 4.23  10 8 T 2  3.81 10 6 T  0.49 T  3133K
A
0.9 T  3133K


(3-5)

Figure 3.3 Outline of Gaussian model beam [177]

The laser is moving during the SLM forming process. To simulate a moving laser heat
source, the coordinate （x 0 ,y 0 ,z0） of laser beam point can be changed in the analysis step
for laser pulse scanning. In each analysis step, the laser Gaussian surface heat source can be
expressed as follows [178, 181]:
q ( x, y ) 

  x  x0  2   y  y0 2 
exp
 2

2


 2




2 AP

(3-6)

Where, q( x, y ) represents the applied heat flow; P is the laser power; （x 0 ,y 0 ,z0） is the
laser point;  is the laser radius; A is the absorption coefficient of the materials to laser
energy.
In Flow-3D software, the heat source is moving by calling the subprogram Fortran, which
simplifies the continuous laser motion in reality to incremental motion per unit time step,
resulting in a moving laser spot on the surface in the simulation. In each time step, the
simulation program selects a certain number of meshes according to the current heat
transfer boundary conditions to solve this time step. Afterwards, the materials contained in
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the network change from "powder" to "solid" based on the solidus temperature.
This process is repeated over and over again. After the entire track is processed, the spot is
moved along the Y direction and a new manufacturing process is started.
3.2.2 Treatment of phase change latent heat
In the SLM forming process, the metallic material will melt and solidify. This is a phase
change process, which generates latent heat: in the melting process, the metallic materials
transform from solid liquid, and a large amount of energy should be absorbed to inhibit
latent heat; in the solidification process, the metallic materials transform from liquid to solid,
and release latent heat.
The latent heat is defined by enthalpy and expressed as a temperature function [182]:

H   Cp dT
Where, H

is the enthalpy;



is the material density; C p

(3-7)
is the specific heat

capacity; T is the temperature of the melt formed in the SLM process.

Figure3.4 gives a schematic diagram of the enthalpy change of metallic materials. Under
latent heat, the enthalpy changes greatly during metal melting:

Figure 3.4 Schematic diagram of enthalpy change of metallic materials [180]

It can be found that the absorption and release of latent heat have little effect on temperature
change, but the energy will significantly change. Therefore, when calculating the simulated
temperature field, phase change latent heat shall be taken into consideration. With reference
to related literature, the specific heat capacity mutation method [183] is adopted in this
simulation to convert latent heat into specific heat capacity and replace the original specific
heat capacity with sudden specific heat capacity. As shown in Figure3.5, when the
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temperature reaches the solidus temperature, the specific heat capacity increases rapidly.
In the temperature range of metal melting and solidification, the sudden specific heat capacity
Ce includes two parts, namely true specific heat capacity of the object and specific heat

capacity caused by latent heat, expressed as:
Ce  C  L /  TL  TS 

(3-8)

Where: TL - liquidus temperature, 1,723K for liquidus; TS - solidus temperature, 1,650K
for solidus; L - latent heat of materials, 2,730,003 JKg-1.

Figure 3.5 Specific heat capacity mutation method [183]

3.2.3 Basic control equations
The SLM temperature field is a typical transient nonlinear heat conduction problem. As for
this kind of isotropic thermal materials, the three-dimensional heat conduction equation can
be described as follows [172, 184]:

c

T
  T    T    T 
 Q   kx
   kz
   ky

t
x  x  y  y  z  z 

(3-9)

Where,  denotes the material density, kg/m3; c represents the specific heat capacity of
the materials, J/(kg-K); kx, ky, kz mean the thermal conductivity of the materials in the X, Y,
and Z directions respectively; considering that the materials are assumed to be isotropic in
the finite element simulation, kx=ky=kz=k(W/m·K); T denotes the transient temperature of
the materials; Q means the internal heat source intensity, W/m3; and t denotes time.
Prior to laser irradiation, the temperature is considered to be uniform throughout the powder
bed and the initial temperature conditions are expressed as follows:
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T ( x, y , z , t ) t  0  Tamb ( x, y , z )  D

(3-10)

Where, Tamb is the ambient temperature, which is take as 293K, 25°C.
The thermal boundary conditions of powders, liquids and solids can be expressed as
follows [185]:

k

T
 q  qcon  qrad  0 ( x, y , z )  S
n

(3-11)

Where S denotes the surface to which heat flux, heat radiation and heat convection are
applied; n is the normal vector of the surface S, and the input heat flux q is shown in
Equation 3-12. Heat loss qcon resulted from heat convection is expressed as follows:
qcon  h  T  Tamb



(3-12)

Where, h is the heat transfer coefficient, which is related to size and temperature
and can be expressed as follows:

h

Nuk f
L

(3-13)

Where, L is the characteristic length of the specimen; Nu is the Nusselt number; k f
is the thermal conductivity of the fluid in the atmosphere.
In Equation 3-11, the heat loss q ra d caused by thermal radiation from the powder
layer is expressed as follows:
4
qrad   T 4  Tamb


(3-14)

Where,  is the Stefan-Boltzmann constant ( 5.67 108 W （
/ m2 K 4）), and ε is the radiation
coefficient of the powder bed.
In view of thick powder bed and low thermal conductivity of powder, in order to
shorten the calculation time, the substrate is not modeled, and its top surface
boundary conditions are described as follows [172]:

 T 
k    Q  h T  Ts 
 z  z 1

(3-15)

Where, h is the convective heat transfer coefficient and set to 10 W m 2 K for substrate
surface. Ts is the surface temperature (K ). Based on the adiabatic condition, assumed that
the substrate is thick and the back side of the substrate is not heated, the heat flux on the
other side of the substrate (the lower surface of the substrate) is ignored in the simulation.
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Therefore, the upper surface of the computational domain is set as the pressure boundary
condition, i.e., "free surface" with a relative pressure of 0 Pa; the lower surface and
surrounding surface are set as wall boundary and outflow boundary respectively. The model
is meshed, and the single mesh size is 0.025 mm to keep the convergence of the calculation.
The specific computational domain is established as follows.
With reference to the literature [16,19], the effects of radiative heat transfer and some
molten pool characteristics such as Marangoni convection are ignored in the simulation.
3.2.4 Determination of thermophysical properties
In the finite element analysis, in order to simplify into a continuous model, we must take
into account the equivalent thermophysical properties of the powder such as density and
thermal conductivity. In the SLM forming process, the thermophysical properties basically
vary with temperature such as thermal conductivity, density and specific heat capacity.
Therefore, we should determine the thermophysical properties of the materials in different
states and at different temperatures.
Many scholars have proposed a number of models [186, 187] to elaborate the relationship
between the powder bed and the thermal conductivity of the solid. Thummler and
Oberacker have proposed [188] that the relationship between the two depends mainly on the
porosity of the powder bed and the geometry of the pores, which can be simplified and
expressed as follows:

 p   (1   )

(3-16)

Where,  p and  are the thermal conductivity of the powder bed and solid respectively,
and  is the porosity.
However, this simplified model greatly impairs the accuracy of the calculation result. This
paper gives a more reasonable assumption that the powder bed would be treated as a
mixture of solid phase (metal powder particles) and gas phase (protective atmosphere), and
the density of loose powder can be expressed as follows [189]:

   s (1   )   f 

(3-17)

 denotes the ratio of the cross-sectional area of the gas phase to the total cross-sectional
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area, which is generally taken as 0.4 [161];  f is the density of the gas phase; s is the
density of the solid phase. The literature [190] argues that the metal powder particles can be
expressed as follows:
(3-18)

 s =8084  0.4209  T  3.894.10 5  T 2  (1   )

The effective thermal conductivity of the powder bed can be expressed as follows [191]:
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(3-19)
1   ln  1 
kf 
 ks  k f







Where,  is the porosity of the powder bed, and k f is the thermal conductivity of
the protective atmosphere:

k f  1.71223  10 9 T 3  5.932  10 6 T 2  0.01133T  0.2726

(3-20)

ks is the thermal conductivity of the metal powder. In order to simplify the calculation, some

scholars directly use the solid phase thermal properties of the materials [192], expressed as
follows [180]:
k s  7.129  10 9 T 3  1.168  10 5 T 2  0.0146T  9.5897

(3-21)

In this paper, a subprogram is used to define the thermal constitutive behavior of the
materials in the process of heat transfer. When the materials melt, the properties change
permanently from powder to solid.
kr means the change in thermal conductivity induced by radiation:
kr  4 F T 2 D

(3-22)

Where, F is the apparent coefficient, set to 1/3; D is the average diameter of the powder
particles, and the powder particle size is 35 μm;  is the Stefan-Boltzman constant.
The volumetric heat capacity of the solid and gas phases of the powder bed can be
expressed as follows [189]:

 C  (1   )  sCs      f C f 

(3-23)

Where, C, Cf and Cs are the heat capacity, gas phase (protective atmosphere) and solid phase
of the powder bed respectively. The literature [193] proves through experiments that the
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heat capacity of the metal powder is almost equal to that of the solid phase, and the specific
heat capacity of stainless steel is fitted by the least squares method of data points to the
equation of variation with temperature.
Cs  2.27  10 7 T 3  3.92  10 4 T 2  0.31T  410.68

(3-24)

The material parameters for numerical simulation are shown in Table 3.1.
Table 3.1 Material parameters for numerical simulation

Parameter
Temperature of
solidification
(K)[194]
Melting temperature
(K)[194]
Latent heat of phase
transformation
(KJkg-1)[195]
Laser absorptivity[180]

Value
1808
1750
270
 4.23  10 8 T 2  3.81 10 6 T  0.49 T  3133K
A
0.9 T  3133K


Specific heat
Cs  2.27  10 7 T 3  3.92  10 4 T 2  0.31T  410.68
capacity(Jkg-1K-1)[193]
 s =8084  0.4209  T  3.894.10 5  T 2  (1   )
Density(kgm-3)[190]
Thermal conductivity
k s  7.129  10 9 T 3  1.168  10 5 T 2  0.0146T  9.5897
(Wm-1K-1)[180]
Where,  =0.45 is the porosity of the loose powder bed, and T is the temperature.
3.2.5 Computational domain modeling
In this paper, the CoCrFeNiMn spherical powder produced by gas atomization is provided
by Jiangsu Vilory Advanced Materials Technology Co., Ltd., and its size is D10 =24.7 m ,
D50 =37.8 m and D90  57.7 m respectively. Figure 3.6 shows the typical morphology

of powder.

Figure 3.6 Typical morphology of powder

Under ideal conditions, in order to simulate the molten pool behavior of SLM, a model with
the same size and number of test samples should be used, which brings huge computational
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expenses. In order to reduce the track modeling size, the vast number of studies have been
conducted in the literature [172] and it is found that the layer thickness has little change
after the fourth track and the predicted temperature at the starting point of the track remains
almost unchanged. Therefore, they state that the simulation results of four tracks can
provide sufficient information about the molten pool size and temperature distribution. By
comparing a variety of simulation results, the literature concludes that a model with a length
of 1.0 mm can produce more accurate simulation results. In the actual experiment of this
paper, the powder layer thickness and scanning spacing are basically 0.035mm and
0.085mm respectively, so the powder model size is 1.0x0.415x0.035mm.
In the actual powder spreading process, the powder particles are definitely not evenly
distributed. Each time the powder is spread, the position and spacing of the powder particles
are random. To reflect the actual particle distribution, this paper first specifies a range of
4.5x0.6x0.04mm (see Figure 3.7 blue range), in which the powder spreading process of
metal powder is simulated and analyzed and a geometric model (filling density of about
0.45) of a granular entity is built by discrete element method (DEM), with reference to the
actual powder size distribution in Figure3.6. Discrete element simulation is performed in
EDEM software. After the particles are randomly generated, the location coordinates and
dimensions of each particle are recorded, and then a powder bed model is built by Gambit
software, as shown in Figure3.7, as a computational domain of this simulation.
Therefore, the upper surface of the computational domain is set as the pressure boundary,
and the lower surface and surrounding surface are set as wall boundary and outflow
boundary respectively. The model is meshed, and the single mesh size is 0.005 mm in view
of calculation convergence.
Furthermore, some physical mechanisms of the model are simplified in this simulation: ①
the fluid in the molten pool is incompressible Newton fluid and laminar flow; ② the fluid
between the solid and liquid phases is assumed to be a mushy area [196]; and ③ the
powder bed particles are spherical and distributed according to the Gaussian distribution
law.
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Figure 3.7 Model of randomly distributed powder bed

Numerical simulations are performed using FlOW-3D software, a CFD software based on
finite difference method. In the calculation, the minimum and maximum time steps are set
to 1e-12 and 1e-8 s respectively. In order to improve the computational accuracy and keep the
results converged more easily, the heat transfer, surface tension and viscosity are solved
through coupling by the implicit method, while the free surface pressure is solved by the
explicit method.
3.3 Analysis on Effect of Process Parameters in SLM Forming Process
Up to 130 factors (as many as 20 key factors) among the SLM process parameters may
affect the part quality [197]. Appropriate SLM process parameters are critical to the part
performance [198], such as powder morphology, size, composition and particle size
distribution [199]; laser scanning strategy & power [200], laser scanning speed & layer
thickness, [201] etc. Some parameters are related to the SLM process (layer thickness,
scanning speed, scanning spacing, scanning strategy, etc.), some depend on the laser (laser
power, spot diameter, wavelength, pulse laser energy, etc.), or on the type and other
characteristics of powder (powder particle size, distribution, shape, material type,
percentage composition), etc.
These factors affect the mechanical properties of SLMed parts in different ways [202], and
mechanical properties and dimensional accuracy are the most sensitive to laser energy
compared to other process parameters (such as scanning speed or layer thickness). Process
parameters also affect the microstructure of SLMed parts [203], including lattice structure
[200], and also directly affect the mechanical properties. However, there is still a need to
further investigate the relationship between the machining parameters and mechanical
properties of SLMed parts [204]. Theoretically, we can estimate whether the laser
radiation energy is sufficient to melt the powder by heat balance method, as shown
in the equation [205].
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P
  c p  T  L    V
v
Where, 

is the energy absorption rate; c p

is the specific heat capacity; T

(3-25)
is the

temperature difference for melting; L is the potential melting energy;  is the density of
the spherical particles; V is the volume of the spherical particles.
3.3.1 Effect of different process parameters on morphology of molten pool and
cladding layer
When other parameters remain unchanged, the morphology of the molten pool is compared
at different laser powers (P is 140 W, 200 W and 260 W respectively, and V is 1000mm/s).
The morphology of the molten pool and the cladding layer is shown in Figure 3.8, and the
morphology of the y-section is shown in Figure 3.9. It is concluded that:
① The molten becomes wider and longer with increasing laser power;
② The depth of the melt pool also increases with increasing laser powder, in which case
the remelting area is expanded and the porosity decreases.

Figure 3.8 Effect of laser power on the morphology of molten pool and cladding layer: a, b, c
representing high, medium and low laser power respectively
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Figure 3.9 Effect of laser power on the morphology of y-section of molten pool: a, b, c representing high,
medium and low laser power respectively

When other parameters remain unchanged, the morphology of the Molten pool is compared
at different laser scanning speeds (  is 1400 mm s , 1000 mm s

and 600 mm s

respectively, and P is 200W). The morphology of the molten pool and cladding layer is
shown in Figure 3.10, and the morphology of the y-section is shown in Figure 3.11. It is
concluded that:
①The molten pool becomes narrower but longer with increasing laser scanning speed.
② As the scanning speed increases, the laser energy decreases, and the powder bed
temperature is low, in which case the powder around the molten pool cannot be completely
melted. Therefore, Marangoni convection is low and the viscosity of the melt in the molten
pool is high, and internal pores are formed on the free surface of the solidified melt.
Moreover, at low laser energy, the melt tends to change from cylindrical to spherical shape
to reduce its surface energy due to Plateau-Rayleigh instability, and the molten pool
gradually becomes discontinuous and has obvious spheroidization, which makes the surface
of the cladding layer uneven.
③ A the laser scanning speed increases, the depth of the molten pool decreases, which
makes the remelting area at the upper printing layer (or substrate) thinner and the porosity
between two layers larger.
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Figure 3.10 Effect of scanning speed on the morphology of track: a, b, c representing high, medium and
low scanning speed respectively

Figure 3.11 Effect of scanning speed on the morphology of y-section of molten pool: a, b, c representing
high, medium and low scanning speed respectively

Thermal imaging is a relatively mature monitoring strategy. Although this technology
requires a long time to capture temperature gradient, is not accurate enough and is unable to
provide monitoring data for some ultrafast phenomena [206-208], the behaviors of the
molten pool during SLM can be quantitatively analyzed. With the help of the smart SLM
manufacturing platform developed in Chapter 2, the parts are manufactured under different
process parameters and monitored by a thermal imager, and the morphology of the molten
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pool is summarized in Figure 3.12. It is worth mentioning that, limited by the measuring
range of the thermal sensor, the maximum temperature is 1,000°C, in other words, its
reading is still 1,000°C even if higher than this value. However, the overall morphology of
the molten pool is still observable, and it can be found that the results are similar to the
simulated trends, which proves the validity of the simulation.

Figure 3.12 Thermal imaging morphology of molten pool in SLM process under different process
parameters

Figure3.13 depicts the dimensions of the molten pool under different laser powers and
scanning speeds during the SLM process. It can be found that the three dimensions of the
molten pool are increasing at the laser power of 140 W, 170 W, 200 W, 230 W, 260 W
respectively, in which the length of the molten pool increases from 313 µm to 488 µm, its
width increases from 128 µm to 189 µm, and its depth increases from 43 µm to 67 µm, as
detailed in Figure3.13(a). Besides, the three dimensions of the molten pool decrease with
increasing scanning speed. When the scanning speed increases from 7,00 mm/s to 1,300
mm/s, the length of the molten pool decreases from 372.3 mm to 136.8 mm, its width
decreases from 358.2 mm to 127.0 mm, and the its depth decreases from 102.6 mm to 42.8
mm, as detailed in Figure 3.13(b).
In summary, at higher scanning speed and lower laser power, the depth of the molten pool is
significantly smaller than the thickness of the powder layer. In multilayer manufacturing,
this parameter does not allow for necessary overlap, so the manufacturing quality of
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adjacent layers cannot be guaranteed. At moderate laser power and scanning speed, the
molten pool depth of 54µm is approximately equal to the thickness of powder layer, which
is favorable for multilayer manufacturing. At higher laser power (150 W) or extremely slow
scanning speed (50 mm/s), the depth of the molten pool depth is significantly greater than
the thickness of powder layer, resulting in excessive remelting in multilayer manufacturing
and stress accumulation in the remelting area. In addition, microcracks even deformation
may occur in the parts.

Figure 3.13 Dimensions of the molten pool during SLM process under different process parameters: (a)
different laser powers (v=900mm/s); (b) different scanning speeds (P=200 W)

3.3.2 Effect of different process parameters on temperature distribution
Figure 3.14 shows the temperature distribution during the SLM process under different laser
process parameters. The slope of the curve shown in the figure indicates the temperature
gradient of the powder bed, and a steeper slope means a higher temperature gradient. It can
be found that, when the laser power increases from 140 W to 260 W, the maximum
temperature gradient along the y-axis (x=0.6 mm, z=0.155 mm) increases by approximately
53% from 16,416 K/mm to 25,116 K/mm, as detailed in Figure3.14(a). The temperature
distribution curve along the z-axis (x=0.6mm, y=0.275mm) is divided into two parts,
namely powder layer and metal substrate. Taking the process parameters of P=260W and
v=1000mm/s as an example, the temperature gradients are 68,500K/mm and 28,400K/mm
respectively.
The temperature gradient is less affected by the change in scanning speed than the laser
power, as shown in Figure 3.14. When the laser scanning speed decreases from 1,300mm/s
to 700mm/s, the maximum temperature gradient along the y-axis (x=0.6 mm, z=0.155 mm)
64

increases by approximately 30% from 14,185K/mm to 18,471K/mm, as detailed in Figure
3.14(c). The temperature distribution curves along the z-axis are roughly parallel to each
other, and the maximum temperature gradient is about 2.40~103℃/ mm. Similarly, the
temperature distribution curves along the z-direction are divided into two parts at different
scanning speeds (as shown in Figure 3.14(d)).
On the whole, the laser power has a greater effect on the temperature gradient of the molten
pool than the scanning speed, and the literature [52] suggests that the laser power has a
direct effect on the temperature distribution on the powder bed, while the scanning speed
indirectly affects the temperature distribution by changing the interaction time between the
powder and the laser. By comparing the temperature distribution in the y-direction and
z-direction, it is obvious that the temperature gradient in the z-direction is much steeper
than that in the y-direction, determined by the heat flow field characteristics of the molten
pool. In light of relatively high thermal conductivity of the metal substrate, the laser energy
is mainly dissipated through the metal substrate during the SLM manufacturing process

.

[52]

Therefore, the heat flow direction is almost perpendicular to the powder layer, and the
temperature gradient is the highest. Furthermore, the high temperature gradient in the
z-direction also shows that rapid powder heating, melting, cooling and solidification are
unsteady. In consideration of a large temperature gradient between the hot melt area and the
substrate (60,480 K/mm) at higher laser power (e.g., 260 W), high residual stress may exist
inside the final parts, which is the main cause of local geometric errors such as warping or
even delamination.
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Figure 3.14 Temperature distribution during SLM: (a) along the y-direction at x=0.59mm and z=0.24mm
with different laser powers (v=1,000 mm/s); (b) along the z-direction at x=0.59mm and y=0.279mm with
different laser powers (v=1000 mm/s); (c) along the y-direction at x=0.59mm and z=0.24mm with
different scanning speeds (P=200 W); (d) along the z-direction at x=0.59mm and y=0.279mm with
different scanning speeds (P=200 W)

3.3.3 Effect of different process parameters on rate of temperature change
The rate of temperature change at the reference point (x=0.59 mm, y=0.279 mm, z=0.24
mm) with different process parameters are shown in Figure 3.15. It can be seen that the rate
of temperature change is positively and linearly related to the laser power and scanning
speed. The maximum heating rate is slightly higher than the maximum cooling rate (Figure
3.15 (a) and (b)). When the laser power increases from 140W to 260W, the heating rate
increases slightly from 3.71×106K/s to 7.89×106K/s, and the cooling rate increases from
3.65×106K/s to 7.48×106K/s. When the scanning speed increases from 700mm/s to
1,300mm/s, the maximum heating rate increases from 4.20×106K/s to 18.02×106K/s, and
the cooling rate increases from 4.05×106K/s to 17.37×106K/s. By comparing Figure 3.15 (a)
and (b), it can be found that the scanning speed has a greater effect on the rate of
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temperature change than the laser power. More precisely, the rate of temperature change in
the molten pool during SLM process is more sensitive to the scanning speed.

Figure 3.15 Variation of the rate of temperature change with (a) different laser powers (v=1,000 mm/s)
and (b) different scanning speeds (P=200 W)

The heating and cooling rate plays a crucial role for mechanical properties of the parts [182].
At a higher laser power or a faster scanning speed, a short heating process of the powder
particles may lead to unstable hot capillary flow in the molten pool and more splashes, or
spheroidization. What's more, the local residual stress will increase at a larger cooling rate,
in which case the SLMed parts are more prone to cracking and have a higher risk of
deformation.
Most of the SLM research is aimed at improving the density and solving surface and
internal defects of the parts. Currently, most research focuses on the effects of scanning
speed, laser power, scanning spacing and other process parameters on part quality, and the
heat accumulation effect is not taken into account for SLM. Moreover, many studies have
found that high-quality parts can be manufactured under different energy inputs. However,
the energy requirements for SLM manufacturing of metal parts are not well demonstrated,
and the definition of energy input also varies widely.
3.4 Experimental Research on Laser Track Forming
In the SLM process, parts are made of multiple single layers superposed, each of which is
made up of multiple single tracks. Before discussing SLMed parts, we should fully
understand and address the problems in single-track and single-layer manufacturing.
Therefore, single-track, multi-track and multi-layer manufacturing is gradually investigated.
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All SLM powder forming is divided into two main processes: (1) when the laser scans the
metal powder, the powder gradually melts into a molten pool and the solidified metal (or
substrate) gets wet; (2) the molten pool solidifies rapidly after the laser moves away

[164, 209,

. The control of the laser energy input is the key to the quality of the parts and determines

210]

the vaporization, melting and sintering state of the powder. Therefore, this paper
investigates single-track, multi-track and multi-layer manufacturing based on energy input,
which provides a clear path for SLM manufacturing of high-quality metal parts.
3.4.1 Research on single-track forming
For single-track melting, consideration shall be given to the energy absorption rate  and
track mass m. As discussed earlier, the energy absorption rate  is related to many factors.
In practice, the researchers have obtained completely different 

values. The track mass

m depends on the width and height of the track, which are all determined by the powder
spreading thickness. With the change of laser power and scanning speed (or energy input),
the mass changes greatly. Therefore, it is relatively difficult to accurately calculate the
relationship between the energy input and the physical properties of the materials. In
contrast, the following equation is more practical:

 1  4 p /  d 2v

(3-26)

In this experiment, the main considerations include laser power, scanning speed, layer
thickness, scanning spanning, spot diameter, scanning strategy, powder characteristics and
protective atmosphere. First of all, the thinner layer thickness increases the stability of the
molten pool. As the wettability between the molten pool and the substrate is improved, the
layer thickness has a great effect on the stability of the molten pool, and a thinner layer
thickness contributes to a lower surface tension, thereby increasing the stability of the
molten pool, improving the wettability between the molten pool and the substrate and
avoiding the phenomenon of "spheroidization" (see below for detailed analysis on the
phenomenon of "spheroidization"). The layer thickness is determined by the powder particle
size, and is minimized while ensuring that the powder particles can pass through, 1.5 times
the particle size in general; therefore, in this experiment, the layer thickness is set to 45 μm
unless otherwise specified. The SLM equipment built in Chapter 2 is used in this
experiment, where the laser spot size is constant and the diameter is 90 μm. The physical
properties of the material are also constant, as detailed in Section 3.2.6. The entire
manufacturing process takes place in an argon environment with an oxygen content of no
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more than 0.5%. The scanning spacing and scanning strategy are not applicable to
single-track forming; therefore, laser power and scanning speed are main factors affecting
the test results of single track. Table 3.2 shows the process parameters of single-track
experiment.
Table 3.2 Test process parameters of single track

Laser power
(W)

Scanning
speed(mm/s)

50

100

150

200

250

300

350

400

600

600

600

600

600

600

600

600

700

700

700

700

700

700

700

700

800

800

800

800

800

800

800

800

900

900

900

900

900

900

900

900

1000

1000

1000

1000

1000

1000

1000

1000

1100

1100

1100

1100

1100

1100

1100

1100

1200

1200

1200

1200

1200

1200

1200

1200

1300

1300

1300

1300

1300

1300

1300

1300

To scientifically analyze the effects of different process parameters on single track, different
types of tracks can be obtained by equation (3-26) at different values  1 , and these tracks
are divided into four categories:
5
3
a: at high input laser energy (  1  2.6  10 W  cm ), especially at low scanning speed and

high laser power, the typical track morphology is shown in Figure 3.16(a). At this time, the
track edges are regular, and its width is greater than twice the diameter of the laser spot. On
either side of the track, we can clearly observe a powder-free area, where the higher the
laser input energy, the larger the area of the powder-free area. This is because the powder
can be vaporized at high laser energy, which will make the raw powder fully melted and the
temperature of the molten pool higher, so that the track edges formed after solidification are
very regular and wide, forming a smooth scanning trajectory. Gu and Shen

[1 29]

also

demonstrate that a stable molten pool can be formed at a higher laser energy density, with
good surface tension and wettability, which provides sufficient energy input and time for the
melting of metal powders

[211]

. However, powder vaporized at high temperature also affects

the powder at the edges of the molten pool, and a distinct powder-free area is formed at the
track edges, which can cause a shortage of raw powder for manufacturing the next track,
thus affecting the forming quality of the next track. The specific effects will be discussed in
the next chapter.
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b: When the laser energy becomes smaller ( 1.3  105 W  cm 3   1  2.6  105 W  cm 3 ) , the
typical track morphology is shown in Figure 3.16(b). At this time, the track morphology is
similar to the previous track, with regular edges, but the width becomes narrower. The
powder-free area becomes obviously smaller, and the track width is about twice the spot
diameter. This is because the laser energy becomes smaller and the molten pool cannot
reach a vaporization point, so that the powder around the molten pool is not completely
blown away.
c: As the energy input continues to decrease ( 0.7  105 W  cm 3   1  1.3  105 W  cm 3 ), the
typical track morphology is shown in Figure 3.16(c). At this time, the track edges are no
longer regular and occasionally breaks off, with a clear gap in the middle, and the track
width is approximately equal to the spot diameter. This is because the metal powder at or
near the spot center only melt under laser energy, and the track volume further decreases.
5
3
d: at a small laser energy input (  1  0.7  10 W  cm ), especially at a fast scanning speed

and a low laser power, the typical track morphology is shown in Figure 3.16 (d). At this
time, the track edges are relatively irregular, with a small volume and more obvious track
fractures, the elliptic and spherical powder adheres to the track surface and the gaps. This is
because the laser energy is not enough to melt sufficient powder, similar to the results of Li,
et al.

Figure 3.16 Four typical single track types and corresponding cross sections
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Figure 3.17 Distribution of different types of single track

The width of single track is an important reference index for the actual forming process and
has a great effect on the dimensional accuracy and surface roughness of the parts. The
experiments summarize the effect of laser power density and scanning speed on the track
width, as shown in Figure 3.18, and the track width decreases with decreasing laser power
and increasing scanning speed.

Figure 3.18 Relation curve among scanning speed, laser power density and molten pool width

3.4.2 Research on lap forming of multiple tracks
Considering that the track is superposed in the multi-track forming, in order to
guarantee the density and surface smoothness of the parts, the overlap ratio
between the tracks should be considered. The overlap ratio  of multiple tracks is
calculated by the following equation:
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d s
100%
d

(3-27)

Where, s is the scanning spacing, and d is the spot diameter, as shown in Figure 3.19a.
However, this equation does not take into account the actual width of the track,
which varies with the laser processing parameters (laser power, scanning speed).
Therefore, we should replace the spot diameter d with the actual track width d m ,
as shown in Figure 3.19b, and its equation can be changed into the following:



dm  s
 100%
dm

(3-28)

Figure 3.19 Relationship between scanning spacing and overlap ratio

In light of inevitable thermal effect on the formed track during each laser scanning, the
energy density equation is changed into the following:
ψ

4P
(1   )
d2 v

(3-29)

Where,  is the heat storage coefficient of multiple tracks, which is closely related to the
overlap ratio of the tracks. Due to overlapping and heat accumulation, the results of Figure
3.17 are shifted to the lower right, in other words, lower laser power or higher scanning
speed is more favorable for multi-track forming.
For the multi-track SML forming, the surface morphology is mainly affected by the
scanning spacing [213], and the literature [214] also suggests that the manufacturing quality
between adjacent scanning tracks and adjacent layers directly determines the quality of
SLMed parts. Figure 3.20 shows the surface morphology under different scanning spacing
when other process parameters remain unchanged. It can be observed that the scanning
spacing has a significant effect on the surface microstructure, including the size and shape
of the metal clusters, hole shape and porosity. At a large scanning spacing, as shown in
Figure 3.20(a), surface ripples are obvious and microspores can be seen between the tracks,
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which reduces the density. When the scanning spacing decreases, the number of
microspores is significantly reduced, and the density increases accordingly on a relatively
smooth surface, as shown in Figure 3.20(b). As the scanning spacing further decreases,
microspores are hardly observed and the density further increases on a very smooth surface,
as shown in Figure 3.20(c). Therefore, we can conclude that the density of the parts
increases by appropriately reducing the scanning line spacing. This is because adjacent
tracks are getting closer by reducing the scanning spacing in the laser scanning process, and
more laser spots are rescanned on the previous track, in which case metal is more easily
remelted in a larger remelting area and the pores can escape. The liquid phase can also flow
more easily along adjacent tracks, thus reducing the porosity of the final parts.
Ripples are still observable in Figure 3.20(c) under surface temperature difference between
the molten pool and the solidification area, so that the molten pool surface withstands
tension and shear force. As the thermal gradient decreases, gravity and the surface curvature
of the molten pool will counteract the shear force, eventually restoring the surface height of
the molten pool to its free height [215]. However, relaxation is delayed by the viscosity of
the molten pool, and the rapid solidification of the molten pool in a short time does not
allow for complete relaxation. Furthermore, smaller spherical entities can be observed on
either side of the track in Figure 3.20(c). This is because there is a significant temperature
gradient between the center and the edge of the molten pool during the local melting of the
metal powder under the Gaussian light source of the laser. Moreover, if the viscosity of the
molten pool is too low and the liquid metal cannot well infiltrate the underlying metal solid
under high surface tension, the concentration difference and temperature gradient at the
solid-liquid interface may give rise to a surface tension gradient, thus generating Marangoni
flow [216] [217, 218]. The metal particles in the pool rotate under convective Marangoni
flow, flow radially outward to the surface [219], and are finally scattered on either side of
the molten pool [220], called as "spheroidization" in the literature [221]. In the literature
[69], the "spheroidization" phenomenon will take place when the total surface area of the
molten pool is greater than the total surface area of a sphere with the same volume.
"Spheroidization" severely hinders the manufacturing process and connection between
layers, and produces a higher density and greater roughness of the parts.
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Figure 3.20 SEM image of SLMed parts with different scanning spacing (P=180W, v=800mm/s,
d=0.045mm: (a) large scanning spacing (b) middle scanning spacing (c) little scanning spacing

3.4.3 Research on multilayer superposition forming
In multi-layer manufacturing, energy accumulation cannot be ignored. The accumulated
energy will preheat the next layer, thus reducing the laser energy input. In the multi-layer
manufacturing process, the laser energy input equation is as follows [222]:

3 

4P
1  1   Ea
d2 v

(3-30)

Where, E a is the accumulated heat, and E a is directly related to the cooling rate of each
layer, increases with the number of stacked layers, and remains constant only when the
accumulated heat in a layer is equal to the dissipated heat. In consideration of energy
accumulation, multilayer manufacturing requires lower laser power or higher scanning
speed than single-track forming. In other words, the figures move to the lower right in
Figure 3.17.
Analysis on multi-layer manufacturing is much more difficult than single or
multi-track forming, because multi-layer manufacturing conditions are more complex. The
flatness of powder spreading, stability of laser power and oxygen content of the processing
chamber are factors affecting the manufacturing stability. Even if the above conditions are
strictly controlled, the surface quality of the parts will gradually deteriorate. Poor surface
quality of a certain layer will directly lead to a poor effect of powder spreading in this layer,
thus making the processing surface rougher in next layer. Literature [197] suggests that the
solidification and shrinkage of the molten pool are the main causes of surface quality
deterioration. Given the layer thickness h, metal powder density 1 and manufactured part
density  2 , the shrinkage rate of the metal powder after melting and solidification is
  
approximately equal to 1  1  , then the thickness c of the nth layer can be expressed as
 2 
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follows:

 
h2  h  h1  1  1 
 2 

 
h3  h  h2  1  1 
 2 

(3-31)

......

 
hn  h  hn 1  1  1 
 2 

When n is infinite, the limit of hn can be reached, which implies that many layers
have been manufactured.
n

 
1  1 


1 0
lim hn  lim h  2   h 
 h 2
n 
n 

1
1
1 1

2

(3-32)

2

The above equality demonstrates that the layer thickness gradually increases, but the
increase in the layer thickness tends to a fixed value. The increase in the thickness of the
thickened layer directly causes the instability of the molten pool and is unfavorable for the
fusion of the molten pool and the pre-processed layer. Besides, the increase in layer
thickness also intensifies the spheroidization, which is an important cause of surface
deterioration.
To prevent the deterioration of surface quality resulted from increasing layer thickness,
there are several effective ways to improve the surface quality, including ①real-time
adjustment of technical parameters during the manufacturing process, for example, an
appropriate increase in scanning speed will gradually improve the surface quality, but the
density will slightly decline. ②Remelting of deteriorated surfaces based on special
parameters. ③Special scanning strategies, such as interlaced scanning strategy. Therefore,
unless otherwise specified, the scanning strategies of this paper are based on the
recommendations of the literature [197, 223], and the filling scanning strategy is chosen, i.e.,
interlaced scanning: after each layer is scanned, the next laser is scanned after rotating 67°,
and the specific scanning strategy is shown in Figure 3.21, by which the risk of unmelting
between adjacent tracks can be minimized.

75

Figure 3.21 Recommended SLM scanning strategy

3.5 Summary
In this chapter, the behaviors of the laser molten pool under different process parameters are
analyzed, including the morphology of the molten pool and cladding layer, temperature
distribution of the molten pool, and the rate of temperature change in molten pool, etc.
depending on finite element simulation technology, and single-track, single-layer and
multi-track forming experiments are performed under different process parameters. The
basic physical properties such as the width, height, roughness and relative density of the
cladding tracks (layers) of the specimens formed under different forming process
parameters are compared and analyzed to identify the optimal forming process parameters,
and the specific conclusions are as follows:
(1) SLM is a very complex multi-physics process: part of the energy melts the metal
powder, part of the energy is dissipated, and part is the energy flow caused by heat transfer
from an energy point of view. Metal powder in the melting process is affected by the
interaction between capillary driving force and inertial resistance, and molten droplets also
compete with each other in the rapid solidification process.
(2) The spreading process of metal powder is simulated by DEM, and the SLM process is
simulated on this basis. It is found that the behavior of the molten pool is highly dependent
on the laser parameters: ① for the molten pool morphology, the molten pool becomes wider,
longer and deeper with increasing laser power, and the molten pool becomes narrower and
longer with increasing laser scanning speed. When the scanning speed is too fast, the molten
pool surface becomes uneven in case of obvious spheroidization; ②in case of temperature
variation, the laser power has a greater effect on the temperature gradient of the molten pool
than the scanning speed. At a higher laser power, a larger residual stress may exist inside the
parts due to a large temperature gradient between the hot melt area and the substrate, which
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may be the main cause of local defects. In addition, since the heat is mainly dissipated
through the metal substrate during the SLM process, the heat flow direction is almost
perpendicular to the powder layer, so the temperature gradient is also the highest. The rate
of temperature change is linearly related to laser power and scanning speed. The maximum
heating rate is slightly higher than the maximum cooling rate, and the rate of temperature
change in the molten pool is more sensitive to the scanning speed.
(3) Single track, multiple tracks and multiple layers are gradually investigated. Higher laser
energy results in a stable molten pool, and single track is well formed. However, when the
laser energy is too high, the powder-free areas on either side of the track are unfavorable for
subsequent manufacturing. The scanning spanning has a significant effect on the multi-track
surface morphology, and the surface morphology can be optimized by appropriately
reducing the scanning spacing. In multi-layer manufacturing, the energy accumulation
cannot be ignored, and the surface quality of the parts will still gradually deteriorate.
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Chapter 4. Cantor HEA SLM Process Window Optimization Based on
Microstructure and Mechanical Properties
The instability in the quality and performance of SLMed parts is attributed to different
machining solutions, equipment, raw materials, etc., and the variations in machining
conditions, such as local thermal properties, part geometry and feed form, have a significant
effect [224, 225]. Researchers have attempted to manufacture the parts with comparable
properties to castings and forgings by additive manufacturing [226-228]. In this chapter,
various process parameters are optimized in SLM manufacturing of HEAs, thus improving
the density, surface roughness, microstructure, porosity and mechanical properties of the
parts, ensuring reproducible manufacturing of high-performance parts, and better predicting
the relationship between process and quality.
4.1 SLM Parameter Optimization for Cantor HEA
4.1.1 Process optimization for surface topography
First, the effect of process parameters on the surface morphology of SLMed HEA parts is
discussed. For the sake of discussion, the samples are classified into four categories by
referring to the method in literature [229]:
Table 4.1 The products are classified according to the surface morphology

Classification
Barely melting
Partial melting

Description
The laser energy is not enough to melt the powder, leaving a
large number of unfused powder particles.
Powder particles are partially melted to form a liquid phase,
and the unfused particles are also connected through the liquid
phase to form a porous surface.

Bulk melting

A clear scanning track appeared on the surface of the
workpiece, forming a long and thin cylindrical liquid phase.
However, due to the insufficient amount of liquid, it solidified
into a row surface.

Complete melting

The laser is powerful enough to produce a continuous liquid
trajectory, and the liquid is abundant enough to solidify into a
coherent and dense surface.

As discussed earlier, many factors affect the quality of the parts, and each parameter and its
interaction should be comprehensively considered to ensure the stability of the part quality.
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The quality classification of SLM manufacturing under different laser powers and scanning
speeds is shown in Figure4.1. Figure4.2 shows the typical surface morphology of different
samples. Figure4.2(a) shows a fully dense surface with continuous scanning tracks and
coherent track bonding, and this area is called Area d. In Figure4.2 (b), there are obvious
particles on the long track, and the tracks cannot be fully bonded as the result of
spheroidization. This area is called Area C. At lower laser power and faster scanning speed,
the sample surface consists of continuous elongated agglomerates, forming a porous
morphology, as shown in Figure 4.2(c), and this area is called Area b.

Figure 4.1 SLM multi-layer manufacturing under different laser powers and scanning speeds

Figure 4.2 Typical SEM surface morphologies within different areas

If the high scanning speed is still maintained at excessive laser powder, the powder may
produce a circular melting trajectory. Under surface tension and gravity, the liquid phase
becomes unstable, shrinks into a spherical shape, and splits into a spherical structure with a
diameter similar to the laser spot, which is called "spheroidization" phenomenon, as shown
in Figure 4.3.
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Figure 4.3 "Spheroidization" phenomenon

Spheroidization has been the focus of SLM research, because it is one of the key points
affecting the quality of SLMed parts and directly makes the part surface rougher. Gu and
Shen studied the spheroidization phenomenon in the SLM process [129], and attempted to
eliminate and weaken the spheroidization in the manufacturing process. Tolchko et al. [230]
have studied the kinetics of the spheroidization process in details. When the process
parameters are inappropriate, the liquid metal will not be evenly spread on the surface and
will split into droplets, thus leading to a spheroidization phenomenon. The spheroidization
level depends on such conditions as wetting angle and surface tension of the molten powder,
solid powder and solid surface [231]. Li et al. [232] have studied the factors affecting the
surface tension by the dropless method and argued that surface tension is affected by
temperature and sulfur content. However, the sulfur content in the HEAs is extremely low,
so the effect of sulfur content is not considered and these conditions are mainly affected by
the temperature and directly related to the variation of the temperature process
parametersFigure 4.4 shows the surface topography of the parts under three different laser
energy densities of 41.24, 62.52 and 91.03 J/mm3. It can be found that the spheroidization
phenomenon is the most obvious at low energy density. This is because the temperature and
size of the molten pool are relatively small, and the specific changes have been discussed in
details. The lower temperature and smaller size of the molten pool limit the contact area
between the metal powder particles and the substrate. Li et al. [232] have also suggested
that insufficient melting and poor wetting characteristics directly give rise to spheroidization,
thus deteriorating the surface quality of the parts. Higher laser energy density can directly
heat the molten pool to form a more stable molten pool, i.e., the molten pool has good
surface tension and wetting characteristics, eventually forming a smoother scanning
trajectory. However, the spheroidization becomes more obvious at excessive laser energy,
because the surface tension of the parts increases with further temperature rise [232].
Moreover, the molten pool under a higher laser energy density and especially at a lower
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scanning speed has a long service life and high temperature, which provides enough energy
and time for the liquid metal to split into small droplets, similar to the conclusion drawn by
Khan and Dickens [233] in metal powder SLM manufacturing.

Figure 4.4 Surface morphology of parts with different energy density: (a) low energy density; (b) medium
energy density and (c) high energy density

4.1.2 Process optimization for density
(1) Definition and measurement of density
The density is measured in many ways. By comparing the advantages and disadvantages of
Archimedean method, helium pycnometer method, and cross-sectional micrograph method
in measuring the density of SLMed parts, he literature [234] concludes that: when the
helium pycnometer method is adopted, the mass and volume of specimens should be
measured separately, as the most accurate measurement method, but this method is
relatively cumbersome and less efficient. In contrast, the results of the Archimedean method
are very similar to those of the helium pycnometer method, but the efficiency is greatly
improved. Therefore, the Archimedean method is a reliable estimation method in a
deionized water environment. In addition, the position and type of the pores in the parts can
be clearly observed through the micro-section analysis. However, the 3D characteristics are
predicted using 2D images, so the volume of holes cannot be accurately measured.
Especially at the time of measuring an irregular hole, the true number and size of pores are
easily underestimated. Moreover, the parts will be destructed if the cross-sectional
photomicrograph method is adopted, so it is not a non-destructive method.
Its mass is measured by TG328B analytical balance with an accuracy of 0.1mg (Figure 4.5)
based on the Archimedean principle: the buoyant force exerted on an object partially or
fully immersed in a fluid is equal to the weight of the fluid. Therefore, the sample volume is
equal to the volume of the displaced liquid, and the sample density is calculated accordingly.
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As shown in Figure 4.6, the sample is weighed separately in air and liquid.

Figure 4.5 TG328B analytical balance

Figure 4.6 Measurement in air and liquid

By measuring the mass of each sample in air (Mair) and in fluid (Mfluid) and determining the
density in fluid (  fluid , varying with temperature) and in air (  air ), the sample density is
calculated [235].

sample 

M air
   -   
 M air -M fluid  fluid air air

By comparing the results with the theoretical density ρtheoretical

(4-1)
of the base material, the

sample density can be calculated as follows:

%porosity 

ρsample
ρtheoretical

100%

(4-2)

Studies [236] show that powder dried high temperature can significantly reduce the porosity
of the parts (＜ 35%). In this study, the powder has been dried at high temperature (200 ℃,
12 hours), of which the effect will not be further discussed in this chapter. In addition, each
sample is measured 10 times, and the samples are dried (110°C, 30 min) before
measurement to fully evaporate the water from the pores so as not to affect the air quality in
next measurement.
According to the literature [234], the density of the parts is measured by the Archimedean
method in softened water, and the following measures are taken before measurement:
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①clean the samples, and remove the powder stuck on the surface of the parts using
ultrasound.②fully dry the samples between measurements, immerse in a beaker containing
softened water and gently brush it before each immersion measurement to ensure that all
visible air bubbles are expelled.
(2) Effect of energy density on part density
The self-developed SLM equipment is used in the experiment. Since the powder is
completely melted throughout the process, it is essential to protect the machined parts from
oxidation, with no more than 0.2% oxygen in an argon atmosphere throughout the
manufacturing process.
Metal powders are generally melted in the temperature range between the solidus and
liquidus during the SLM process, and the amount of liquid phase depends on the sintering
temperature, which in turn is related to the powder energy [237]. Equation 1-1 defines the
magnitude of laser energy. Laser power and scanning speed are the two most important
parameters affecting laser energy, in addition to layer thickness and scanning distance.
In this paper, the samples are produced in wide range of laser powers and scanning speeds.
In order to evaluate their combined effect, the corresponding volumetric energy density is
calculated by equation (1-1), and the relationship between relative density and laser energy
density is shown in Figure 4.7. By fitting the scattered points, the equation for the relative
density D and laser energy density  can be obtained:
D  97.6817 

18.5325
 

1 

 20.6011 

3.5571

Figure 4.7 Relationship between energy density and part density
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(4-3)

As shown in Figure 4.7, when the volumetric energy density is less than 50 J/mm3 and other
process parameters are constant, the density of the formed components significantly
increases with increasing laser energy density, which is consistent with the results of other
studies [238, 239]. When the laser energy density   66.7J / mm 3 , the density of the parts
are the highest, up to 98.87%. When the laser energy density further increases, the density
of the parts decreases slightly and is finally kept stable at about 97%. As suggested by
Olakanmi et al. [73], appropriate process parameters can be selected to obtain the best laser
energy density. Considering multiple factors, the volumetric energy density is 50-70J/mm3.
Figure 4.8 illustrates the effect of powder layer thickness on part density. Obviously, when
the other machining parameters are constant, the part density increases with decreasing
layer thickness. For smaller layer thicknesses, the upward trend becomes more pronounced,
because a large amount of air exists in the loose powder layer, which tends to be trapped as
bubbles when the metal powder melts [240], as shown in Figure 4. When other parameters
are constant, the smaller the layer thickness, the deeper the laser beam can penetrate into the
layer, resulting in severer melting. At the bottom of the layer, a greater number of bubbles
move up to the surface of the layer and break up as the liquid solidifies rapidly, resulting in
less porosity.

Figure 4.8 Effect of powder layer thickness on density of SLMed parts

Figure 4.9 shows the effect of the scanning spacing on part density. The part density
exceeds 95% at a scanning spacing of 0.08-0.12 mm, because the minimum diameter of the
laser spot is 0.1 mm. At least 20% of the overlap rate of the tracks can be guaranteed at a
scanning spacing of 0.08-0.12 mm, and the density decreases from 97% to about 85% when
the scanning spacing increases from 0.12 mm to 0.2 mm.
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Figure 4.9 Effect of scanning spacing on part density

4.1.3 Pore defects in parts
In Figure 4.10, a large number of defects such as air voids can be seen, which directly
affects the part density. Specifically, the pores in SLMed parts are mainly classified into
pores and defects, in which the defects are generally caused by incompletely melted powder,
with a more complex geometry, while pores are generally small and round.

Figure 4.10 Cross section of SLM sample

(1) Cause of pore formation
① When the laser beam scans through loose powder, the laser irradiates several powder
particles simultaneously (stage I), heating the particles. Subsequently, heat flows to the
center of the particle until the particle temperature is locally steady [175]. Only the surface
of the powder particles melts into a liquid at low laser energy, while the center remains solid.
The liquid rapidly gathers between the particles, forming a liquid "bridge" (Stage II). When
the laser is moved away, the liquid solidifies and the surface-molten particles bind together,
thus forming pores between the solidified metal agglomerate (Stage III). Figure 4.11
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illustrates the pore formation mechanism.

Figure 4.11 Schematic diagram of pore formation mechanism

②Under laser irradiation, the melt in the molten pool inevitably splashes to either side of
the molten pool, forming spherical metal, or ablating into the forming surface and forming
small pores. Some pores are formed during subsequent powder spreading, melting and
solidification, as shown in Figure 4.12.

Figure 4.12 Defects in the SLM process

③The pores are mainly caused by moisture or contaminants on the surface of the powder
particles [241], such as oxides.
④ Small amounts of oxygen and carbon in HEAs can react at high temperature to form
gaseous products, such as CO or CO2. Pores are formed in the parts under the gas retention
effect [242].
(2) Pore motion
After pore formation, the path of pore motion in the molten pool should be traced. The
literature [236, 243] suggests that the effect on pore motion is very complex and is mainly
affected by the drag force (Fd) and thermal capillary force (Ft) of metal flow in liquid phase,
and is calculated as follows:
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When the Reynolds number is greater than 1, the drag force of liquid flow is
calculated by the following equation [244]:

1
Fd   CD  f rp2 U p  U f  U p  U f
2

f

is the melt density; U p

(4-4)

Where, rP

is the pore radius;

vector; U f

is the velocity vector in liquid phase; C D depends on the flow state

is the pore velocity

of the liquid phase and the drag coefficient (dimensionless) of the liquid metal, is
approximated by the Schiller and Naumann equations:

CD 

24
1  0.15 Re 0.687 

Re

(4-5)

Where, Re is the Reynolds number, given by the following equation:

Re 

2rp  f U p  U f



(4-6)

Where, rP is the pore radius; U p is the pore velocity vector; U p is the liquid phase flow
velocity vector;  f

and 

are the density and kinetic viscosity of the melt respectively.

Assuming that the velocity is zero ( U p =0 ), the drag force applied to the pores is calculated.
The thermocapillary force is caused by the temperature gradient and is calculated
by the following equation [245]:

Ft  4 rp2
Where,

T

and
r
T

T 
r T

(4-7)

are the temperature gradient at the pore location and the temperature

coefficient of surface tension respectively, and the local temperature gradient is generally
obtained based on the simulation results.

Drag force and thermocapillary force are constantly changing, and buoyant force (Fb) also
plays a non-negligible role when the pores are large enough [246].
4
Fb   rp3  f g
3

(4-8)

Where, rP is the pore radius;  f is the melt density; g is the gravitational acceleration.
The literature[247] argues that the pores located in different molten pools exhibit different
trajectories, and the molten pool can be divided into a laser area, a circulation area and a
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transition area, as shown in the figure. For the molten pools far from the laser area, the drag
force of the liquid phase on the pores is several orders of magnitude higher than the buoyant
force, and the pores will move with the flow of the liquid metal, with a very limited possibility
for upward floating and escape; in the laser area, the pore motion is mainly driven by the
thermocapillary force, which points from the hot area to the cold area, so the pores moved from
the cold area to the hot area before escape.

Figure 4.13 Mechanics of pore motion in molten pool

(2) Effect of energy density on pores

Figure 4.7 shows the effect of laser density on part density. In the previous simulation, it has
been found that at a low laser energy, the size of the molten pool is small and the
penetration depth is shallow, and the metal powder can absorb less energy, not enough for
complete melting, so the layers cannot be fully bonded and some micro-bonding exists.
Therefore, the viscosity of the melt is high [248], and the liquid phase is less mobile,
resulting in a higher porosity of the parts.
The laser energy increases with increasing laser power. On the one hand, as the metal
powder can absorb more energy, more powder particles are melted, and the amount of
generated liquid is increased accordingly, even if the solid powder is not melted, thus
improving the overall mobility, filling the pores and reducing the porosity with the help of
liquid "bridge" [249]. On the other hand, high energy directly heats the molten pool. Simchi
et al. [250] have argued that liquid metal more quickly flows at relatively high temperature,
which can fill the pores generated during the manufacturing process. In Figure 4.6, the part
density reaches the maximum, up to 98.87% when the laser line energy density is increased
to   66.7J / mm 3 . In this case, most pores of the parts are round (diameter ＜ 10 m ), as
shown in Figure 4.14. In the literature [66], when nickel-based alloys are manufactured by
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SLM, the part density reaches 99.95% by continuously optimizing process parameters, but
the alloys cannot be completely densified. Hao et al. [248] have suggested that as the laser
energy rises, pore formation is no longer mainly caused by insufficient energy, but because
metal powder will become liquefied gas and form tiny pores under humidity. Moreover, the
literature [251] argues that solidification shrinkage is also a factor leading to pore
formation.

Figure 4.14 Porosity of parts under higher energy density

The part density slightly decreases with further increase of the laser energy density.
Scholars have discovered the similar phenomena in other materials [28]. A large number of
scholars have studied this phenomenon, and believe that this phenomenon is mainly caused
by the following: ①excessive laser energy density may lead to that the elements at some
low melting points are evaporated [242], leaving some pores. ②Excessive laser energy
density, especially too slow scanning speed brings about larger grains and more irregular
and larger melt pools, which greatly slows down the liquid solidification, thus triggering the
spheroidization and rupture in the molten pool, significant aggregation of particles in the
liquid phase and formation of pores. ③As discussed earlier, a large molten pool is formed
under high laser energy, more susceptible to solidification micro-shrinkage [241]. ④At
excessive laser power, if the scanning speed remains high, the "spheroidization"
phenomenon may occur in the manufacturing, and the spheroidization of a layer will bring
about many irregular pores, directly leading to larger porosity of the parts [213, 252]. In this
case, in order to manufacture a denser part, we should increase the laser powder and reduce
the scanning speed. After the powder melts, a longer presence time is available, which
facilitates the liquid flow, thus manufacturing denser parts.

89

As the laser energy density further increases, especially when the laser power increases and
the scanning speed decreases, the number of liquid phases further increases indeed, which
generates a higher density. However, the density cannot keep increasing and tends to be
stable, basically at about 97%.
4.2 Microscale Mechanical Mechanism of Cantor HEAs Formed by SLM
4.2.1 Experiment on micro-scale quasi-static compression mechanics
As a new type of metallic material, HEAs have similarities with traditional metals and
alloys in hardening and toughening behaviors, as well as intrinsic mechanical mechanism.
For example, in terms of intrinsic strength of metallic materials, micro- and nano-scale
geometries are used for in-situ micromechanical experimental analysis and characterization
in most studies: regardless of whether the mechanical samples are constructed by focused
ion beam (FIB) cutting and subtractive micro- and nano-scale processing in the single
crystal range for in-situ analysis on mechanical behaviors of the materials without
considering the effect of grain boundaries, or by FIB in polycrystalline micro-areas to
obtain micro-scale structures containing grain boundaries for quasi-static loading, dynamic
loading and other experiments, investigate the effect of intrinsic factors of the lattice form,
solute atoms, grain boundaries and subgrain boundaries on the hardening, toughening and
fatigue mechanism, and clarify the physical correlation of inherent dislocations, derived
dislocations and dislocation motion on strength and failure behavior.
Speaking of metallic materials, catastrophic damage is generally preceded by the formation
of individual cracks or dislocations, which is a signal that the structure may be weakened.
Although researchers have investigated individual dislocations, with the development of
SEM experimental equipment that can be loaded and observed in situ, we have known how
dislocations are derived and move on the micro- and nano-scale to clarify the effect on
intrinsic hardening and toughness physically. More importantly, the experimental
combination of in-situ electronic imaging and mechanical loading can achieve accurate
prediction before sudden deformation (i.e., stress and strain mutation resulted from
"dislocation avalanche" phenomenon), and a predictive physical model allowing for crystal
and microstructure characteristics is built to take effective control measures before sudden
failure occurs.
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Based on this, an SEM in-situ mechanical experimental device is used in this study to
prepare a micro-scale cone structure from SLMed Cantor HEAs through FIB, as shown in
Figure 4.15, which supports in-situ observation of the quasi-static compression behavior at
the micro-scale level and the analysis of quantitative stress-strain data. The above FIB
sample preparation corresponds to the inverse pole figure (IPF) for microstructure electron
backscatter diffraction (EBSD), as shown in Figure 4.16, aiming to precisely determine the
correspondence between the sampling location and the grain, as well as grain boundaries.

Figure 4.15 SEM image of FIB cone structure of SLM HEA: the FIB sampling section is perpendicular to
the BD and (b) the FIB sampling section is parallel to the BD

Figure 4.16 Micro-area SEM and IPF images of SLM HEA FIB cone structure sampling (note: the FIB
sampling section is parallel to the BD and FIB sampling as random polycrystalline microdomains)

Figure 4.17 gives a typical sample micro-scale quasi-static compression load displacement
curve. Whether along the BD of the building orientation or along the TD perpendicular to
the building orientation, during the loading process of the FIB micro-scale cone with a
diameter of about 3mm ~ 5mm and a height of about 10mm, small-scale stress relaxation
and "dislocation avalanche" phenomenon repeatedly appear. But in the overall loading
process, there is an overall trend of strain increase in the first half and failure in the second
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half. It should be noted that, although the BD and TD directions of SLM forming present
anisotropic characteristics at the structure level, with certain differences in grain
morphology, orientation distribution and mechanical properties. The mechanical properties
are not anisotropic at the micro-scale level, but are only related to the phase, composition,
lattice structure properties, grain boundary density and orientation in the FIB sampling
volume range. What can be seen is that the SLMed HEAs have better overall micro-scale
mechanical properties than the 316L austenitic stainless steel with the same major
components but significantly different atomic molar ratios due to its intrinsic properties of
high-entropy effect and high lattice distortion, while the Cantor HEAs have a better
corrosion resistance property, which points out a direction to next engineering material
selection for additive manufacturing in same working conditions.

Figure 4.17 Typical sample micro-scale quasi-static compression load displacement curve: (a, b, c)
indicate the TD; (d, e, f) indicate the BD
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4.2.2 Analysis on micro-scale strength mechanism
SLMed CoCrFeNiMn is organized as polycrystals, and crystal atoms are arranged in order.
When a load is applied in a micro-structure of these crystal structures, the crystals will
experience micro-scale slip, inherent dislocations and new dislocations and move under
stress, resulting in excessive dislocations entangled within the metal and a local
strengthening effect. When the applied stress further breaks through the yield stress
threshold for local dislocation strengthening, the typical "dislocation avalanche"
phenomenon occurs, driving the sudden movement of the entangled dislocations, thus
weakening the metal strength, which is obviously more difficult to control and has a direct
physical effect on the overall macroscopic failure behavior of the materials. The SEM
micro-scale stress-strain experiments under in-situ observation can accurately determine the
location of the "avalanche" and its relationship with the loading direction and grain
orientation.
Among SLMed HEA, each metal atom has nuclei and electron clouds of different sizes,
resulting in high distortion of the HEA lattice, which can theoretically slow down or even
delay the motion of the entangled dislocations and thus store more dislocations in a
relatively small volume. However, unlike traditional alloys, HEA lattice and micro-structure
accumulate more dislocation density, which also leads to more obvious "mutation"
characteristics of stress and strain resulted from the "dislocation avalanche", obviously
detrimental to the sudden control of material failure.
Figure 4.18 shows the SEM morphology of the FIB cone structure of SLMed CoCrFeNiMn
HEA in BD and TD before and after quasi-static compression loading. It can be clearly
observed that significant non-uniform plastic deformation and slip bands appear in the
microcolumn with increasing strain. By observing the contrast of the SEM microcolumn
surface, we can find the local grain boundary of the polycrystal inside the micro-column,
and the slip band orientation shows obvious differences on both sides of the grain boundary.
The interlacing phenomenon of multiple groups of slip bands is observed in some samples,
and a new high-density dislocation is entangled in the interlaced area, thereby generating a
new strengthening effect.
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Figure 4.18 SEM morphology of SLM HEA FIB cone structure after in-situ quasi-static compression: (a)
(b) (c) FIB sampling section is perpendicular to the BD and (d) (e) (f) the FIB sampling section is
parallel to the BD

Figure 4.19 Nano-scale micro-pore clusters on the outer surface of SLM HEA FIB cone structure

4.2.3 Effect of forming process on micro-scale intrinsic strength
The mechanical properties of macroscopic materials and microcolumns are significantly
different in dislocation motion and strengthening mechanisms due to size effect. From the
viewpoint of micro-scale mechanics, the FIB sampling location and SLM process defects
directly affect the microcolumn strength and damage resistance. For microcolumn sampling
in this experiment, the SLM porosity and sparse process defects are avoided, as shown in
Figure 4.16, thus avoiding the negative effects of large defects on the mechanics of the
samples.
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Actually, the investigation on the intrinsic strength of SLMed HEAs should exclude
material discontinuities such as process defects, and more focus should be put on the critical
role of composition, crystal structure, grain orientation and grain/subgrain boundaries.
However, SLM forming process control not only plays a crucial role in improving the
mechanical properties and service life of macroscopic parts, but also has a certain effect on
the mechanical properties of submicron and nano-scale materials. For example, as shown in
Figure 4.19, nano-scale pores still exist in FIB microcolumn samples, characterized by
random dispersion. Such pores exist in a high-temperature molten pool under laser spot
pressure as the result of open setting characteristics and environmental atmosphere of the
powder bed during rapid laser melting and solidification, and residue in solidified
micro-structures because the solidification speed is faster than a rate at which pores float up
and escape in a molten pool. It can be inferred that such nano-scale pores will still have a
certain effect on the material mechanics such as dislocation movement and slippage. When
nanopores with discontinuous atomic arrangement are encountered during dislocation
movement, this type of defect shall be bypassed or cut, or new dislocation is entangled near
the nanopores. Therefore, although the intrinsic strength of SLMed materials at the
microscopic scale is related to the intrinsic structure, optimized process parameters for
full-dense parts are the basis and prerequisite for improving the mechanical properties of the
parts, and are one of the important factors to be considered in investigating microscale
mechanics.
4.3 Research on High-cycle Fatigue Properties of SLMed HEAs
4.3.1 High-cycle fatigue experiment and results
A traditional plate specimen is used as an experimental object, and its external dimensions
are shown in Figure 4.20. The specimen surface is not finished, and the original surface
state of the SLM process is retained. The high-cycle fatigue experiments are completed on
the CARE Measurement & Control M-5000 electromagnetic dynamic mechanical testing
machine, as shown in Figure 4.21. The loading frequency of the fatigue experiment is fixed
at 30hz (sinusoidal waveform) with a constant load ratio of R=0.1, and the experiment is
performed in the elastic area. Three specimens are tested at each stress level. If the
difference between the failure cycles of the tested samples is greater than 40% of their
average value, the 4th specimen is tested.
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Figure 4.20 External dimensions of plate specimen (mm)

Figure 4.21 M-5000 electromagnetic dynamic mechanical testing machine

Figure 4.22 gives a high-cycle fatigue load displacement curve of a typical specimen under
tensile fatigue with the maximum stress of 200 MPa. As shown in Figure 4.23, typical
fatigue striations are observed on the fatigue failure fracture, and ductile and brittle fracture
features such as dimples and cleavage steps are observed, which indicates that the final
fracture is a mixed mode fracture. The observed fatigue striations reflect the propagation
behavior of micro-cracks in the high-cycle and low-load cyclic loading process of the
specimens. It should also be noted that a small number of process defects such as
incompletely melted powder clusters, porosity or sparseness are found in the sample
fractures. Fatigue cracks are easily initiated and developed at these defects. Therefore, the
increase in density is still the prerequisite for improving the fatigue mechanical properties
and the service life under low-load alternating stress conditions.
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Figure 4.22 Load displacement curve of high cycle fatigue

Figure 4.23 SEM image of typical SLM HEA high-cycle fatigue fracture: (a) loading direction is
perpendicular to BD ; (b) loading direction is parallel to BD (note: the arrow indicates the morphology
of typical fatigue striations)

4.3.2 High-cycle fatigue failure mechanism and micro-analysis
In order to further clarify the material micro-mechanism for different cyclic softening in the
high-cycle fatigue process of SLMed parts, the fatigue failure samples are analyzed by
micro-area EBSD, and the sampling area is close to the fracture or crack area. As shown in
Figure 4.24, 4.25 and 4.26, EBSD test reveals high-density nano-twin structure
characteristics in the microstructure near the fatigue section.
The average grain size of SLM laser rapid solidification is significantly smaller than that of
traditional quasi-static casting, while the intracrystalline substructure in the SLM
microstructure and the aggregation of nano-oxide particles and heavy metal elements on the
sub-micron and even nano-scale cell walls have a significantly higher dislocation pinning
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strengthening effect. More importantly, a high proportion of low-angle grain boundaries
easily induces nano-twin nucleation under stress, and a large number of twin structures
further enhance the plasticity and damage tolerance under structural strain, i.e.,
twin-induced plasticity (TWIP) mechanism, thus making a significant contribution to
improving the plastic-toughness synergy of the overall fine-crystalline SLMed parts. This
can increase the strength of laser rapid non-equilibrium melting and solidification structure
and play a positive role in prolonging low-load high-cycle fatigue lifetime in addition to
certain or even better ductility.

Figure 4.24 EBSD analysis results of microstructure near the fracture surface of the fatigue failure
specimen of the SLM HEA: (a) comparison of all Euler diagrams and diffraction bands, (b) diffraction
band comparison chart, (c) large angle (>15° black line) grain boundary diagram, (d) IPF_X
inverse-pole-figure, (e) IPF_Y inverse-pole-figure, (f) IPF_Z inverse-pole-figure
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Figure 4.25 EBSD analysis results of microstructure near the fracture surface of the fatigue failure
specimen of the SLM HEA (the detection area is the white solid frame area in Figure 4.24a): p.(a)
comparison of all Euler diagrams and diffraction bands, (b) diffraction band comparison chart, (c) large
angle (>15°black line) and small angle (<15°and >5°red line) grain boundary diagram, (d) IPF_X
inverse-pole-figure, (e) IPF_Y inverse-pole-figure, (f) IPF_Z inverse-pole-figure

Figure 4.26 EBSD analysis results of microstructure near the fracture surface of the fatigue failure
specimen of the SLM HEA (the detection area is the white dotted frame area in Figure 4.24a): p.(a)
comparison of all Euler diagrams and diffraction bands, (b) diffraction band comparison chart, (c) large
angle (>15° black line) and small angle (<15° and >5° red line) grain boundary diagram, (d) IPF_X
inverse-pole-figure, (e) IPF_Y inverse-pole-figure, (f) IPF_Z inverse-pole-figure
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4.3.3 Effect of process parameters on fatigue properties of Cantor HEAs
As the laser energy density further increases, especially when the laser power increases but
the scanning speed decreases, the number of liquid phases further increases indeed,
producing a higher density. However, the density cannot keep increasing and tends to
stabilize, basically at 97% or so. During the SLM additive manufacturing process, the
pre-solidified parts and micro-structures are highly susceptible to accumulated residual
stresses, and internal structural defects such as microcracks, spheroidization and porosity
generally occur under inappropriate process conditions, which have a significant effect on
the fatigue mechanical properties of macrosopic parts.
For example, uneven structure thermal stress releasing caused by laser rapid
non-equilibrium melting and solidification, uneven solid-liquid interface solidification and
remarkable shrinkage effect resulted from incomplete melting of local powder as well as
mismatching laser parameters with the set thickness of powder layer are factors easily
leading to buckling deformation and the generation of macro cracks in parts, or the
generation of micro cracks inside the part. Also, spheroidization evoked by inappropriate
laser parameters is a common defect that exerts a major effect on the quality and mechanical
property of the parts in the SLMed parts or on the SLM surface. Meanwhile, pores are
frequently found in the layer-by-layer laser scanning process due to spheroidization defects
being independent in morphological characteristics. In consequence, excessive porosity,
declined density, and unsatisfactory surface roughness are caused in the parts. What’s more,
incompletely melted local powder resulted from remaining pores in molten pool, excessive
laser scanning distance or thickness of powder layer will also give rise to a multitude of
pore defects. In particular, if the gas phase introduced into the molten pool via the rolled
winding of molten pool or the laser spot pressure fails to spill before solidification in the
rapid solidification of the molten pool, it will easily be remained in the solid structure,
forming tiny spherical pores. Apparently, the remaining pore defect is a common
phenomenon in the laser "keyhole" effect. Remaining locations of the process defects in the
core of the parts or the outer surface with greater roughness is potential areas susceptible to
fatigue crack, which is the main cause of premature failure of the parts under fatigue load.
Branch cracks in the initiation and development process are very easy to develop again into
the main crack along the defective parts and bring severer damages. Existing studies have
found that core defects are the main cause of fatigue failure in terms of high-cycle fatigue of
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the SLM metal parts, i.e., fatigue cracks are only initiated and expanded from the core,
highly different from the case where high-cycle fatigue is preferentially initiated and
expanded on the surface compared with conventional forgings made of ideal materials. It
should be noted that numerous studies have demonstrated that the density of the parts is
increased by optimizing the SLM process parameters and the risk of premature fatigue
failure of the parts is reduced through appropriate post-treatment processes, especially HIP
post-treatment

for

entire

parts

and

mechanical

densification/fine

crystallization

post-treatment for surface or surface layer of the AM parts can significantly improve the
fatigue performance.
It should also be noted that the effect of SLM additive manufacturing microstructure
anisotropy on fatigue performance are also considered, and a variety of metal structures
suitable for SLM manufacturing is comparable to their casting and forging materials in
quasi-static strength, but their fracture toughness is generally low, and the discrete
characteristics of fatigue performance test data are significant, which is not only related to
process defects but also significantly related with the characteristics of SLM microstructure.
For metallic materials with a single matrix phase or main phase, the effect mechanism of
grain size and its distribution characteristics, grain boundary angle distribution
characteristics, grain morphology & texture, and intracrystalline substructure (especially
intracrystalline cellular substructure unique to the SLM microstructure made of several
common metallic materials) of SLM part micro-structures on the mechanical fatigue
performance has attracted the attention of relevant researchers. SLMed parts present a
significant texture, and growth characteristics of columnar grains lead to significant
anisotropy in mechanical properties, which directly affects the fracture behavior or the
preferred orientation of crack growth; in practice, by changing the laser heat source
parameters, the grain orientation can be controlled in some way to improve the anisotropy
of mechanical properties, for example, higher laser energy density leads to preferential
growth of FCC grains along <001>, while lower energy density leads to preferential growth
of grains along <110>. The <110> grain orientation facilitates the formation of a large
number of twin crystals in the austenite structure in case of deformation and results in a
higher strain hardening rate, which in turn increases the strength limit and ductility of the
structure. But in general cases, the crystalline structure also exhibits unavoidable differences
in orientation characteristics along the SLM building direction.
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4.4 Summary
In view of SLM process characteristics, this chapter investigates the process window of
SLM forming of Cantor alloy, analyzes the effect law of different process parameters on the
forming quality, microstructure and mechanical properties of Cantor HEAs, and draws
following conclusions:
(1) The preparation process is optimized based on surface morphology and density, and the
results show that the increase in laser energy density can significantly improve the quality
of the parts when other process parameters remain unchanged, and the density of the parts
can reach up to 98.87%, but the density of the parts will slightly decrease with increasing
laser energy, and finally tend to stabilize. In this paper, the energy density is in the range of
50-70J/mm3. The part density decreases with increasing layer thickness and scanning
spacing.
(2) The causes of porosity defects, their motion paths, and the effect of process parameters
are elaborated. Pore defects are caused by metal agglomeration, spatter, moisture or
contaminants, gaseous products, etc.; in the SLM manufacturing process, the pores are
mainly affected by drag force, thermal capillary force and buoyant force of the liquid metal
flow, and the pores in different areas of the molten pool exhibit different motion trajectories;
the laser energy increases with increasing temperature and fluidity of the molten pool, in
which case pore defects are easily eliminated, but the pores in the final parts cannot be
completely eliminated due to moisture, solidification shrinkage, etc.
(3) This chapter analyzes the effect of different typical SLM process conditions on the
quasi-static and dynamic mechanical properties, investigates the strength and toughness of
the micro-scale and macro-scale samples, reveals the stress-strain changes resulted from
repeated slippage in quasi-static compression behavior of micro-scale materials and
"dislocation avalanche" behavior mechanism, and finds that laser rapid non-equilibrium
melting and solidification lead to that a large number of nano twin crystals induced by
fatigue stress exist near high-density low-angle grain boundaries and micro-plastic
deformation and ductility are improved in the low-load high-cycle fatigue process.
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Chapter 5. Defect Formation Mechanism and Quality Control of SLM
micro-rod of Cantor HEAs
5.1 Cantor HEA SLM micro-rod Formation and Defects
On the one hand, the SLM process is a thermophysical process with certain manufacturing
limitations, especially structures with sharp deformation may not be manufactured [46, 65].
On the other hand, for micro-rod structures, the SLM process has a limited manufacturing
range of micro-rods [253]. If the structure is outside the manufacturing range of SLM, or if
the built angle and parameters are selected improperly, this may lead to excessive overhang
lengths and small overlap area between layers, eventually leading to forming failure.
Additional support structures can optimize the structure manufacturability [254]; however,
additional supports can also increase the surface roughness of the parts [255], prolong the
manufacturing time, or even impair part functions, and such supports are not easily removed.
Especially for lattice structures, the formability of the micro-rod directly determines
whether the lattice structures can be successfully formed. In addition, it is almost impossible
to add supports during the manufacturing process of the lattice structures. Therefore, the
manufacturability of the micro-rod structures without support should be analyzed in details,
which is crucial for subsequent research on SLM manufacturing of lattice structures.
5.1.1 Analysis on formability of Cantor HEA SLM micro-rod
The first step of SLM manufacturing is to slice and divide the model based on a certain
layer thickness. For a micro-rod structure with constant inclination angle, the microscopic
slicing and layered manufacturing process is shown in Figure 5.1(a), where h is the layer
thickness of powder spreading; θ is the inclination angle; S is the theoretical overhanging
length between layers, which can be calculated by the following equation:

S  h  cot θ

(5-1)

Therefore, the larger the powder layer thickness h, the smaller the inclination angle θ , also
the greater the theoretical overhanging length S. In general, during the actual SLM
manufacturing process, the SLM layer thickness generally depends on the size of the metal
powder. Once the material is determined, the layer thickness basically remains unchanged,
while the pre-set layer thickness for commercial devices is mostly in the range of 20  50 m
[31]
. According to the size of the high-entropy powder, the layer thickness is fixed at 45  m
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in this paper, so the theoretical overhanging length depends mainly on the inclination angle.
When the micro-rods are round struts and built at an inclination angle, the overlap length

 and overhanging length  between two adjacent layers are shown in Figure 5.1(b).
Specifically, the inclined cylinder is sliced into an ellipse, of which the short semi-axis b is
equal to the radius r of the cylinder and the long semi-axis a is related to the inclination
angle. Its equation is as follows:

d
2sin 

a

(5-2)

Where, d is the cylinder diameter and the overhanging length  is calculated by the
following equation:



h
tan 

(5-3)

The overlap length can be obtained by the following equation:

  2a   

d
t

sin  tan 

(5-4)

Figure 5.1 Schematic diagram of slicing and layered manufacturing for SLM

The size of the overhanging structure is limited by the minimum manufacturing feature size
of the SLM [65], so the minimum diameter of the micro-rod is also limited by
manufacturability. This paper analyzes the manufacturability of micro-rod with different
diameters and built angles through large numbers of experiments. The diameter increases
from 0.3mm to 1mm in increments of 0.1mm; the inclination angle gradually increases from
0° to 90° in increments of 10°.
In this paper, the manufactured micro-rods are evaluated and classified according to the
forming quality. Table 5.1 summarizes the test results. It should be noted that some
literature has demonstrated that the manufacturability of small-angle micro-rods can be
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improved by reducing the micro-rod length [65]. In this paper, the length of the overhanging
strut is set to more than 10 times the strut diameter to assess the manufacturability in
extreme cases.
Table 5.1 Effect of micro-rod diameter and build angle on manufacturability: L averages unable to form,
M averages poor forming effect, and H averages good forming effect

Diameter(mm)

Build
angle
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L
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L

L
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H
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H
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H
H
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L
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M
H
H
H
H
H
H
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M
H
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H

L
M
M
H
H
H
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H
H
H

L
M
M
H
H
H
H
H
H
H

L
M
M
H
H
H
H
H
H
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5.1.2 Defects and morphology in SLM micro-rod manufacturing process
The micro-rod manufactured by SLM generally has poor quality. In the actual
manufacturing process, staircase effect, dross formation and warping are defects likely to
occur in micro-rod during actual machining and manufacturing [256] [257]. In general,
post-processing such as sandblasting is often required after printing, however, secondary
processing is difficult for micro-rods, especially for lattice structures. In order to improve
the surface quality, we should analyze and investigate the defects in the machining process.
The staircase effect and dross formation are investigated and analyzed in details in the
following section "roughness", and this section focuses on the warping defect.
(1) Staircase effect
In the SLM manufacturing process of round rods, the CAD model of the parts is
decomposed into multiple right-angle layers, and then built and combined into a
three-dimensional physical part. For any curved or inclined surface, the effect of layer
accumulation is called the "staircase effect" or "step effect", as shown in Figure 5.2(a).
Since the outline of SLMed parts is gradual approximation of the nominal outline of the
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CAD model, all the SLMed parts exhibit the staircase effect [256]. The staircase effect has a
great effect on the surface quality of SLMed parts. As the inclination angle decreases or the
layer thickness increases, the staircase effect becomes more obvious. The thinner the slice
thickness, the smaller the staircase and the smoother the part surface. The slice thickness
can be reduced by decreasing the layer thickness, but this will increase the manufacturing
time [258].

Figure 5.2 Staircase effect example and slice outline schematic diagram

On each oblique surface, the distance between adjacent ridges is compared to h, which is
the distance between continuous step edges derived from the step triangle of an angled
surface, as shown in Figure 5.2(b).

h

Lt
sin( )

(5-5)

Where, Lt is the layer thickness, and W is the step width.
(2) Layered warping
Rapid solidification during SLM process brings about a series of problems such as thermal
stress, structural stress and residual stress [259, 260]. When the internal thermal stress
exceeds the material strength, plastic deformation and layered warping will occur.
The literature [261] argues that the warping in the overhanging structure is mainly caused
by the lack of support, and infers that it is difficult to avoid the warping phenomenon
without adding a support. In the forming process, after a single layer with overhanging parts
is scanned, the volume of the melted powder shrinks during the liquid-solid change process,
causing the overhanging parts to warp upwards [262]. The temperature difference between
the top and bottom of the scanning layer and the uneven thermal conductivity cause the
upper part of the forming layer to shrink faster than the bottom, resulting in the upward
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warping of the overhanging layer [221]. Residual stress is also an important factor affecting
the quality of overhanging structure. SLM is a process in which metal powder rapidly melts
and instantaneously solidifies under high energy laser, which is very likely to generate
residual stress inside the formed parts. If uncontrolled, the residual stress will cause internal
structure deformation or micro-cracks in the formed parts, and even macro-defects such as
warping or cracking, eventually affecting the performance of the parts. The residual stress in
SLM machined parts is mainly related to a large temperature gradient during the melting
process.
Figure 5.3 shows the effect of warping in the overhanging process of SLM manufacturing.
When warping occurs, the actual inclination angle   between the protruded part of the
current layer and the previous layer is greater than the design inclination angle  . As
shown in Figure 5.3, when the protruded part of a layer begins to warp, this will affect the
actual manufacturing layer thickness of the next layer and cause severer warping. When
warpage accumulates to a preset height of the next layer, or even higher than the preset
height of the next layer, necessary powder is lacked in a part of the manufacturing area, and
the whole part will become increasingly fragile. The overhanging surface may be repeatedly
scanned by laser, or even the overhanging part may collide with the powder scraper and
detach from the whole part.
In this experiment, warping hardly occurs in the overhanging structure, because a thin rod
has a very small diameter, and the heat generated during forming can be conducted quickly
to dissipate the heat, with a good forming effect.

Figure 5.3 Diagram of layered warping

5.2 Surface Roughness of Cantor HEA SLM micro-rod
As can be observed in Figure 5.4, the poor surface quality of the micro-rod may be caused
by shrinkage of the melted metal, adhesion of unmelted particles, or undulations and
roughness of the support bar, and extensive studies have proved that the strength and
stiffness of the structure are seriously affected [127]. For commercial powder beds, such as
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MCP Realizer and EOS M270, parts usually require post-treatment such as finishing,
polishing and shot blasting to ensure better surface quality. However, it is impossible to
optimize the surface quality of micro-rods, especially lattice structures consisting of
micro-rod through post-treatment, so we should study the micro-rod roughness to further
improve the surface finish of the parts. To this end, this section first analyzes the surface
roughness of the SLM micro-rods and proposes a mathematically simplified model
accordingly.

Figure 5.4 Typical SEM of SLM micro-rod

5.2.1 Basic concept of SLM micro-rod roughness
For a surface of length L, the one-dimensional definition of surface roughness Ra

Ra 
Where,

f ( x)

1 L
| f ( x) | dx
L 0

is the deviation at height x from the average height. The height

:

(5-6)
f n is

measured at N locations on an outline of length L, and the roughness is calculated as
follows:
Ra 

1
N

N

f
i 1

(5-7)

n

In order to extend the definition of surface roughness to a two-dimensional surface with
area A, once again assuming that the average plane is horizontal, the surface roughness
means the average surface profile. In this case, the roughness is approximated:

Ra 

1
NM

N

M

 f
i 1 j 1
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ij

(5-8)

Figure 5.5 One-dimensional and two-dimensional roughness of sample surface [221]

5.2.2 Cause analysis of surface roughness of SLMed micro-rod
The surface quality of SLMed micro-rod is closely related to the angle. For the sake of
research, the parts can be divided into several surfaces with reference to the substrate plane:
horizontal plane [263], vertical plane [220] and inclined plane (upper and lower surfaces)
[48], as shown in Figure 5.6.

Figure 5.6 Nomenclature for different surfaces of micro-rod

The increase in SLM micro-rod roughness [221] is mainly attributable to the staircase effect
and surface particles of the parts.
The staircase effect has been studied earlier in some detail. In addition to the staircase effect,
the literature [264] [221] suggests the roughness is mainly attributed to the presence of
powder particles on the part surface, and a large number of incompletely melted particles
are adhered to the part surface, as can be seen from Figure 5.4. Similar phenomena have
been observed by other scholars, e.g., Santorinaios et al. [265], McKown et al. [116] and
Pattanayak et al. [62].
In order to improve the surface quality of the support bar in the lattice structure, it is
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recommended to use metal powder with a small particle size and perform post-treatment
such as sand-blasting to remove some surface particles, but the support bar shall not be
damaged. In addition, Pattanayak et al. [62] have fused the unmelted titanium metal
particles with the surface of the parts through heat treatment in an argon atmosphere at
1,300°C, resulting in a smooth surface and improving the surface roughness.
This paper concludes that the presence of powder particles on the part surface is attributed
to several factors given in Figure 5.7 and discussed in detail below.

Figure 5.7 Cause of particles on micro-rod surface

The presence of metal particles on the micro-rod surface is attributed to the nature of SLM
manufacturing itself. As discussed earlier, unsuitable process parameters may bring more
particles on the sample surface, including "spheroidization" and partial particle melting, and
metallic balls are easily formed on the part surface perpendicular to the growth direction [218].
Specifically, surface tension differences happen in the molten pool at a high thermal
gradient between molten materials of different volumes, resulting in Marangoni flow [217,
218]. Small spherical entities formed in the molten pool flow radially outward along the
material flow to the surface [219] and are finally scattered on the sides of the molten pool
[220]. After solidification, irregularity appears along a single scanning trajectory. This
process is referred to as "spheroidizing ball" in the literature [221] and is deemed a serious
obstacle in the manufacturing process, reducing the part density and increasing the surface
roughness. The spheroidized particles produced by each scanning are almost eliminated by
subsequent scans, so the spheroidized particles are only visible at the edges of the final
scan.
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Moreover, it is also attributed to the characteristics of micro-rod manufacturing. This
chapter focuses on the reasons for the presence of particles on the micro-rod surface, and
the above results are not repeated here. The metal particles on the surface of the support bar
may be formed by the diffusion of laser energy, incomplete melting of the metal particles at
the edges and laser remelting area, as shown in Figure 5.8.

Figure 5.8 Schematic diagram of particles on micro-rod surface

(1) Diffusion of laser energy
In SLM manufacturing, the micro-rod is built on loose powder. Laser radiation on the
powder bed brings a large temperature difference, and thermal diffusion occurs between the
loose powder and the solid material. However, the diffusion energy is not enough to
completely melt the particles, which leads to partial melting of some metal particles on the
lower surface of each layer and then adherence to the bottom or the edge of the layer [46,
133, 266, 259]. Figure 5.4 shows typical metal particle adherence in a high-magnification
SEM photograph, where the particles are nearly spherical and have a size of about 45 μm .
By comparison, it can be found that the particles have similar size and morphology to the
original metal particles before SLM. This further proves the theory of metal particle
adherence that the particles on the surface are some unmelted particles of raw metal on the
boundary during the SLM manufacturing process. Figure 5.9 explains the thermal diffusion
process of laser energy in principle.

Figure 5.9 Schematic diagram of heat diffusion in SLM process
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(2) Incomplete melting of metal particles at edges
In this paper, Figure5.10 is drawn to schematically illustrate the reason for the existence of
unmelted metal particles on each layer of boundary during SLM manufacturing of lattice
structures. As shown in Figure5.10(a), some metal particles are partially melted at the
boundary of the laser scanning path. As shown in Figure5.10(b), unmelted metal particles
adhere to the boundary of each new layer.

Figure 5.10 Reasons for the existence of incomplete melting metal particles on SLM boundary

(3) Remelting
To ensure that adjacent layers can be firmly bonded to each other, the laser melting depth
(depth of laser melting through the powder) is generally slightly higher than the layer
thickness in the SLM process, leading to an overlap between layers. When the laser scans to
the micro-rod edges and powder supported areas, the laser beam will directly penetrate the
powder, because the thermal conductivity of the powder is less than 1/100 of the solid [166].
As the contact between powder particles is limited and separated by insulating air, the heat
is dissipated slowly and the energy cannot be dissipated, the energy absorbed by the powder
is much larger than that absorbed by the solid, resulting in a temperature rise at the edges of
the molten pool and an increase in the size of the molten pool. Under gravity and capillary
force, a large molten pool will be formed and extend into the powder layer [166], where the
liquid metal leaks into the lower powder area, and leaked liquid metal rolls up from the
powder bed into a raised edge in the solidification process [267], finally resulting in dross
formation, as shown in Figure5.11(b). Dross formation greatly affects the surface quality
and dimensional accuracy of the components, which is extremely obvious especially at a
small built angle. The surface quality of the micro-rod at a built angle of 30° is shown in
Figure 5.11 (a).
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Figure 5.11 Dross formation on SLM micro-rod

In order to better explain the scanning difference between metal support area and the
powder support area, single track is simulated to distinguish powder from solid, and the
substrate materials in the simulation model are set as metal powder and metal solid
respectively. The laser power, exposure time and scanning spacing are 100W, 15ms and
0.3mm respectively. Figure5.12 gives the simulation results with metal powder as the base
material. As can be seen from the figure, the melting depth is about 0.07 mm when the base
material is metal solid and about 0.22 mm when the base material is metal powder, by a
factor of several-fold. It shows that the melting depth differs greatly due to the difference in
the thermal physical parameters of the metal solid and the metal powder. When the base
material is metal solid, the metal solid has a large thermal conductivity, leading to rapid
energy diffusion and small melting depth. When the base material is metal powder, the
metal solid has a small thermal conductivity, and energy dissipation is slow, which is
conducive to energy concentration and increases the melting depth.

Figure 5.12 Simulation results of SLM single track

5.2.3 SLM micro-rod roughness prediction model
In order to better explain the surface roughness of the SLM part, the corresponding
analytical model is established in this paper, Figure5.13 shows a three-dimensional
schematic diagram of the "staircase effect" of the part with a built angle of  . With
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reference to (5-6), the surface roughness Ra of the inclined surface is as follows:

Ra 

1 L
1
| f ( x) | dx  H cos( )

L 0
4

(5-9)

Where, H is the layer thickness,  is the built angle.

Figure 5.13 Schematic diagram of slice outline

As discussed earlier, the SLM part roughness is mainly attributed to the powder particles on
the part surface. In Figure5.14, in consideration of the effect of powder particles, the step
area is L  W , and some particles exist along the edges. To simplify the calculation,
assumed that the particle coverage area is cylindrical, and the particle concentration fraction
per unit length is  . Given t surface height F ( x, y ) , roughness:
R ( , ) 

(5-10)

  |F ( x, y )  F | dxdy
S

Where, F is the average height above the surface datum line. In the area between a
and c (single track width, as shown in Figure5.15 (b)), the roughness of the entire
area can be calculated in areas S1, S2, S3 and S4.
R ( , )    |F ( x, y )  F | dxdy
s
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Where, F ( x) describes the one-dimensional profile of the step, and F  ( x ) describes the
one-dimensional profile of the step and adhered particles. The average height F
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calculated by the following equation:
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Given  =0 , the roughness is calculated by Equation 5-9. When the particle concentration
fraction  increases, the surface roughness of the parts with a large built angle increases
significantly. In order to compare the measured roughness R（
a ） at different built angles
with the results of the prediction model, the optimal values of the particle concentration
fraction  and coefficient  are determined by the following Equation 5-13:
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N

min E ( ,  )   Ra  n     R  n , 
 ,

with 0    1

(5-13)

n 1

Given  =0.17 , the difference is the minimal, and the prediction model is accurate. The
particle concentration fraction  increases with increasing built angle. But for ease of
calculation,  is fixed. To validate the model, the measured roughness of the sample is
compared with the predicted roughness (red line), as shown in Figure 5.26.

Figure 5.14 Three-dimensional diagram of the model

Figure 5.15 Two-dimensional diagram: (a) side view, (b) top view, (c) cross section view

5.3 Factors Affecting Quality and Mechanical Properties of SLMed micro-rod
Forming
Many factors affect the quality of the overhanging surface, and it is difficult to predict the
warping and dross formation. First, the laser energy input significantly affects the warping
of the overhanging surface. Excessive energy input increases the amount of molten metal,
prolongs the solidification time of the molten pool, and easily leads to warping. Meanwhile,
the high-energy density will make the molten pool of this layer too deep, as an important
reason for dross formation.
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5.3.1 SLM manufacturing and mechanical test of Cantor HEA samples
In order to find the optimal manufacturing process parameters, we should investigate the
process characteristics and mechanical properties of SLM micro-rods to explore the effects
of process parameters on the forming quality and mechanical response of the micro-rod.
(1) Sample preparation
The effect of some parameters on the part density in the SLM process has been analyzed.
For micro-rod structures, these parameters also affect the quality of the micro-rod, such as
layer thickness, laser power and scanning speed. In the sample making in this chapter,
the layer thickness and scanning distance are 45 m and 75 m respectively.
In addition, in order to analyze the effect of built angle, micro-rods with different
built angles are manufactured under each set of laser parameters, gradually
decreasing from 90° to 20°.

(2) Surface roughness measurement
The surface roughness is measured by the needle contact method, and the sample surface is
analyzed using a surface profiler. During measurement, the tip of the measuring needle is
perpendicular to the inclined surface, and the measurement is made along the centerline of
the surface, and the scanning distance and scanning speed are 5 m

and 2500 m / s

respectively. Secondly, to further investigate the surface morphology at the microscopic
scale, light microscopy and SEM are used for characterization.
(3) Mechanical performance test of micro-rod
As shown in Figure 5.4, the micro-rod surface has many defects, and we cannot fully
consider all the defect factors when predicting the micro-rod performance. Therefore, it is
more reasonable and effective to measure the stress-strain curve of the micro-rod and
predict and design the performance of the lattice structure.
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Figure 5.16 Desktop universal testing machine and micro-rod stress - strain testing parts display: (a)
testing machine, (b) testing parts

Single micro-rod is tested by smart ZQ-990A universal desktop tester for tension. The tester
has the maximum load of 2,000N and force resolution of 0.01N, as shown in Figure 5.16(a).

Figure 5.17 Stress-strain responses of micro-rod with laser parameters of 200 W and 900mm/s

Figure 5.17 shows the repeated tensile tests on the micro-rod, in which sudden drop of a
certain curve (sample 6) is caused by rod slippage. Slippage is an obstacle for micro-rod
performance tests. For example, Tsopanos et al. [268] have found that the measured
modulus of elasticity varies considerably (about 10 times between the maximum and
minimum) during micro-rod tensile tests by different machines, which is also invoked by
slippage.
Based on the literature [114], a series of methods are adopted to eliminate the slippage
between the micro-rod and the fixture, so as to obtain a more accurate stress-strain curve of
the micro-rod. As shown in Figure 5.17(b), two sheet grippers are manufactured with 1 mm
grooves on their surfaces. The SLM micro-rod and gripper are first bonded by AB glue with
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a solidification time of about 24h at room temperature to achieve the best results, and the
sheet gripper is placed at the chuck of the tensioning machine. The loading rate is 0.1
mm/min. Regarding the elastic modulus of the support plate, the experimental results
present a small variation (about 1%) at all laser powers.
In tensile tests, it is challenging to determine the support bar diameter. Generally, if the
micro-rod diameter is directly measured, the maximum diameter is obtained, which does not
take into account the unsmooth surface and non-uniform diameter of the support bar.
Therefore, the average diameter of the support bar is used in this paper, and is calculated by
Equation 6-9.
Figure 5.18 illustrates a typical micro-rod tensile stress-strain curve, consisting of elastic,
elastic-plastic and plastic areas. In theoretical research, it is difficult to calculate the
elastic-plastic area. Therefore, in this research, the bilinear method is adopted. Figure 5.18
also gives the true stress-strain curve, and offers the bilinear method. For the bilinear
stress-strain curve, the yield stress is 423 MPa.

Figure 5.18 True stress – strain curve and bilinear material

In addition, it is worth noting that, considering the complexity of the SLM process, there are
many possible sources of variability in the manufacturing process, such as grain structure,
surface quality and surface geometry. In order to more accurately measure the test values,
each curve and each set of data are repeatedly tested. In order to avoid the effect of
instability, eliminate obviously unreasonable data and ensure that the range of variation of
elastic modulus and yield stress are both less than 2%, the data used in this chapter are the
average values of the repeated tests, as shown in Figure 5.19.
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Figure 5.19 Stress – strain curve of micro-rod under same process parameters: 90° built angle, P=200 W,

 =1000mm/s
5.3.2 Effect of process parameters on forming quality and performance of SLM
micro-rod
In general, the performance of SLM micro-rods is highly dependent on the built angle and
process parameters. This section focuses on the effect of process parameters. The built angle
is uniformly 90°, that is, the micro-rods are manufactured perpendicular to the substrate.
(1) Effect of laser parameters on micro-rod forming quality
Brooks et al. [269] have found that the forming quality of the support bars of SLM lattice
structures is closely related to the scanning speed by investigating the lattice structures
manufactured by SLM. As discussed earlier, the part density may increase with decreasing
scanning speed. However, the literature [269] argues that almost fully dense parts can be
manufactured when the scanning speed is reduced to 800 mm s , and further decrease in
scanning speed will interfere with the machining process. Therefore, the scanning speed
gradually increases from 700 mm s to 1200 mm s , and the laser power is maintained at
210W. In order to fully consider the effect of laser parameters, the effect of laser energy on
the micro-rod manufacturing is analyzed. 55 micro-rods are manufactured under 11
different kinds of laser energy, measured and analyzed, and the detailed process parameters
are shown in Table 5.2.
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Table 5.2 Detailed process parameters

No.

Parameters

No.

Parameters

1

 =1200 mm s ，P=210W ，ψ  51 .9 J / mm3

2

 =1100 mm s ，P=210W ，ψ  56 .6 J / mm 3

3

 =1000 mm s ，P =210W ，ψ  62.2 J / mm3

4

 =900 mm s ，P =210W ，ψ  69.1J / mm3

5

 =800 mm s ，P=210W ，ψ  77 .8 J / mm3

6

 =700 mm s ，P=210 W，ψ  88 .9 J / mm 3

7

 =1000 mm s ，P=150 W，ψ  44 .4 J / mm 3

8

 =1000 mm s ，P=180W ，ψ  53 .3 J / mm3

9

 =1000 mm s ，P=240 W，ψ  71 .1J / mm 3

10

 =1000 mm s ，P=27 0W ，ψ  8 0 J / mm 3

11

 =1000 mm s ，P=290 W，ψ  85 .9 J / mm 3
By observing the forming status by a camera system in real time during the
manufacturing process at scanning speed, it is found that serious warping occurs at
the 85 th layer in the end at the scanning speed of 800 mm s and at the 101 st layer
at the scanning speed of 900 mm s ; however, when the scanning speed exceeds

1000 mm s , the parts basically experience serious warping around the 130 th layer.
When other machining parameters (the laser power is maintained at 210W) are the same,
the parts experience more serious warping at a low scanning speed, because more internal
stress will be generated at a low scanning speed. However, the warping degree does not
keep decreasing with increasing scanning speed, because energy input will decrease at
excessive scanning speed, which makes the penetration of the laser beam weaker, thus
affecting the bonding between adjacent layers and leading to lamination defects.
Figure 5.21 shows the relationship between micro-rod diameter and laser energy. The results
show that micro-rod diameter and laser energy are highly related: the micro-rod diameter
significantly increases with increasing laser power. Figure5.20 shows SEM images of the
micro-rods under four kinds of typical laser energy, and the average diameters of 4 struts are
0.518 ( ψ  69 J / mm 3 ), 0.811 ( ψ  65.2 J / mm 3 ), 0.805 ( ψ  65.2 J / mm 3 ), and 0.754 mm
( ψ  65.2 J / mm 3 ) respectively. The literature [269] suggests that this is due to the fact that
more powder will be melted during the SLM process at a higher laser energy, so that the
support bar has a larger radius. A similar phenomenon is also found in the literature [270]:
when the laser power increases from 180W to 200W, the diameter of the Ti64 micro-rod
increases by about 22%. However, the diameter of the micro-rods manufactured under the
120

same laser energy also obviously changes (＞25%). This paper argues that this is induced
by instable SLM manufacturing; besides, different laser parameters affect the surface
roughness of the micro-rod and thus the micro-rod diameter, which is investigated in detail
later on. In order to quantify the relationship between laser energy and micro-rod diameter,
experimental data are fitted into the following equation:

d  0.1306  ln  ψ  0.2017

Figure 5.20 SEM images of micro-rod manufactured under different process parameters

Figure 5.21 Relationship between micro-rod diameter and laser energy
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(5-14)

Figure5.22 shows the tensile stress-strain data of the micro-rod under different laser
parameters. Compared to low laser energy, the elongation ratio of the parts manufactured
under high laser energy is increased by 34%, and its strength is twice that of the parts
manufactured under low laser power. Figure5.23 shows typical failure surfaces for
micro-rod tension under high and low laser energy. As can be seen in Figure5.23(a), the
metal powder is incompletely melted under a low laser energy, leading to that the parts has a
large number of defects such as unmelted powder particles or pores and the strut fragility
increases. This explains why the tensile strength and elongation are low in Figure5.22 and
demonstrates that internal defects in the micro-rod have a significant effect on the
mechanical properties. Similar results are found in the literature [270] in studying the tensile
properties of Ti64. In Figure5.23(b), an obvious necking phenomenon can be found, and
this area has been radially thinned before fracture. Obviously, the powder can be fully
melted in the molten pool under a high laser power to manufacture almost fully dense
micro-rods.

Figure 5.22 Stress-strain curve for micro-rod manufactured under different laser powers (150W, 240W)

Figure 5.23 Typical failure surfaces of micro-rod with different laser energy following uni-axial tensile
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loading: (a)low energy density,(b)high energy density

5.3.3 Effect of built angle on SLM forming quality and performance of micro-rod
Since the micro-rod structure is built layer by layer during the SLM manufacturing process,
relevant parameters also directly determine the quality of the micro-rod, of which the built
angle is one of the most important parameters [270]. For example, the literature [270] finds
that micro-rod diameter has little change at a built angle of 90°, but the diameter of 45°
micro-rod varies in the range of more than 50%. The literature [268] also concludes that the
built angle directly determines the quality of the micro-rod, so we can further understand
SLM manufacturing of lattice structures by studying the relationship between the two, thus
improving the quality of the parts. In order to verify the effect of built angle on the
formability of micro-rods, micro-rods with different built angles and the same diameter
(d=1mm) are designed, and the angle is reduced from 40° to 10°. The micro-rods are
manufactured under same process parameters, and the forming results of the micro-rods are
shown in Figure 5.24. Specifically, the quality of the micro-rods gets significantly worse
with decreasing built angle when the process parameters remain constant. The micro-rod
diameter is 1.08 mm at a built angle of 40° and increases by 7% to 1.16 mm at a built angle
of 30° due to poorer surface quality of the micro-rods. The literature [270] also finds that
45°micro-rod have a diameter 5% slightly smaller than the micro-rod with a built angle of
30°. As the built angle further decreases, the micro-rods have more severe deformation, and
a very obvious phenomenon of dross formation generates at the lower surface.

Figure 5.24 Morphologies of micro-rod manufactured at different built angles

In the micro-rod manufacturing process, without adding a support, there is a critical angle in
SML manufacturing of the micro-rods, called the self-supporting angle in the literature
[256]. When the built angle is smaller than the critical angle, the micro-rod structure cannot
be formed.
On the one hand, only from a geometric point of view, as shown in Figure5.1, a smaller
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inclination angle means a larger projected length S between adjacent layers. In order to
guarantee the forming quality of the overhanging surface, the projected length S must be
smaller than the beam radius, so that most laser beam can be focused on the solid support
area. Therefore, at the layer slice thickness H  35 m , the projected length S shall be
smaller than the beam diameter 70  m , and the inclination angle   27 is the minimum
SLM forming angle of the projection surface through theoretical calculation. When the
projected length S =H  ctg  is smaller than the beam radius, the inclination angle θ ≥ 45°
is a reliable built angle of the SLM-manufactured micro-rods through calculation.
According to the literature [106, 257, 271], it is also concluded that the overhanging
structure can be well formed without support at an inclination angle greater than 45°, and
the staircase effect is weakened and the surface roughness decreases with increasing
inclination angle increases.
On the other hand, when the laser spot diameter is kept constant, the effects of laser power
and scanning speed are comprehensively analyzed based on energy density. micro-rods are
manufactured under laser parameters shown in Table5.2, and the built angle is gradually
increased from 5° to 90° (at 5° intervals). Figure5.25 summarizes the relationship between
the critical built angle and energy input. It can be seen that the critical angle (including the
minimum built angle and reliable built angle) is closely related to the laser energy density,
and the critical inclination angle increases with increasing energy input. It should be noted
the relationships given in Figure5.25 are only instructive for other studies, because most of
the experimental conditions or machining parameters are different in this paper, such as spot
diameter, layer thickness or material, and the SLM equipment is totally different.

Figure 5.25 Relationship between built angle and energy input
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The surface profiles of the samples manufactured at different built angles are shown in
Figure 5.26. When the micro-rod has a small built angle (   30 ), the "staircase" effect of
the micro-rods is obvious, as shown in Figure 5.27 (a). As mentioned above, this "staircase"
effect will directly affect the surface roughness. When the built angle increases to 70°, the
ridges on the part surface are no longer visible, as shown in Figure 5.26(b). The distance h
between the ridges can be calculated by Equation (5-5), which corresponds to the actually
measured results. Figure 5.27 shows that the calculated value corresponds well to the
measured results.

Figure 5.26 Surface ridge crest at built angles of 30° and 70°

Figure 5.27 Comparison of calculated results by equation (5-5) to measured results

The changes in the average surface roughness of all the micro-rod structures with different
built angles are shown in Figure5.28. The general trend is that the average surface
roughness tends to decline with increasing built angle. As discussed earlier, the larger the
built angle, the smaller the overhanging length, the less pronounced the "staircase" effect
and the relatively less powder bonded.
125

In order to visually evaluate the surface roughness, 3 typical built angles (30°, 60°, 90°) are
selected and the micro-rod profile is photographed using an optical microscope, as shown in
Figure5.29. Comparing the upper and lower surfaces, it can be found that the upper surface
has significantly better quality than the lower surface, for which the reason has been given
above, and powder bonding and dross formation are more likely on the lower surface. The
inconsistency in the upper and lower surface quality will constitute a challenge for selecting
process parameters. The literature [267] concludes through numerical calculations that the
heat dissipation in the powder area is relatively slow and suggests eliminating the effect of
the increased molten pool size at a faster scanning speed. Such effect is eliminated through
real-time monitoring and correction in the literature [166], and the quality inconsistency is
reduced by gradually changing the process parameters in the literature [272].

Figure 5.28 Measurement of surface roughness Ra of micro-rods at different built angles

Figure 5.29 Optical microscope image of micro-rods at different built angles of 30°, 60°and 90° (lower
surface at the left; upper surface at the right)

Figure5.30(a) shows the tensile stress-strain curve for a 90° micro-rod manufactured under
laser power of 190 W and scanning speed, at a displacement rate of 0.1 mm/min. The curves
are similar to the tensile curves of the forged samples, but the tensile strength (about 509
MPa) is lower than that of the forged samples. This difference in performance may be
caused by microscopic defects in SLMed parts as well as macroscopic shape non-uniformity.
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The elastic modulus is about 73 GPa, only 50% of the cast material. Young's modulus has
significant differences, probably because the strain in the tensile test is calculated from the
chuck displacement. micro-rods with built angles of 20°, 30°, 40°, 50°, 60°, 70° and 80° are
manufactured under laser power of 190 W and scanning speed of 900 m s , and uniaxial
tensile properties are tested. Figure5.30(b) shows the corresponding tensile stress-strain
curves. In general, the mechanical properties of the micro-rods gradually decreases with
decreasing built angle. The tensile response of the micro-rods with built angles of 80° and
70° is similar to that of 90° micro-rod. In contrast, 40° micro-rod has the worst performance,
and the tensile strength is decreased by about 15%. It is worth noting that the performance
of the 30° micro-rod is slightly better than that of the 40° micro-rod, probably because 30°
micro-rod has a larger diameter than the 40° microbar, as discussed previously, as shown in
Figure 5.21.

Figure 5.30 Uniaxial tensile test results of micro-rod: (a) 90° micro-rod; and (b) micro-rod at built
angles of 30°, 40°, 50°, 60°, 70° and 80°

5.4 Summary
This chapter provides an important theoretical basis for SLM manufacturing of lattice
structures, especially those without adding a support. The main factors affecting SLM
micro-rod manufacturing include built angle, laser process parameters and thermal stress
accumulation, and are mutually restricted. Therefore, the effect of each factor on formability
should be fully considered.
(1) The manufactured micro-rods are evaluated and classified according to the forming
quality. In the actual SLM process, micro-rods are prone to defects such as staircase effect,
dross formation and warping.
(2) The surface roughness of the SLM micro-rods is analyzed and the existence of metal
127

particles on the part surface is mainly caused by the diffusion of laser energy, incomplete
melting of some metal particles at edges and laser remelting. Based on this, a roughness
prediction model is proposed in this paper.
(3) With the increase of laser power, the micro-rod diameter increases significantly, and the
relationship between the two is fitted by the equation. Besides, the parts manufactured
under high laser energy has a greater strength and elongation rate. micro-rod manufacturing
has a critical angle, less than the minimum built angle, with obvious manufacturing defects.
The average surface roughness tends to decline with increasing built angle. A reliable built
angle is closely related to the laser energy density and increases with increasing energy
input.
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Chapter 6. Lattice Structure Design and Mechanical Behavior Research
of Cantor HEA SLM micro-rod
Traditional metal honeycomb structure manufacturing process can only produce random
foam structures with low homogeneity or wire screen lattices with high cost and low
geometric complexity [273], and produce geometrically complex periodic lattice structures
depending on SLM technology to control the structure homogeneity and repeatability.
However, as mentioned earlier, SLM manufacturing has the minimum feature size and built
angle under process limitations, which also affect the manufacturing of lattice structures
[274], so experiments should be performed to quantify the manufacturability [275].
Moreover, the mechanical properties and failure modes should be quantified under different
conditions in applying lattice structures. Although previous research reveals the mechanical
behavior of SLM lattice structures, there is still some uncertainty in the literature, especially
for HEAs. This chapter aims to gain insight into the effects of cellular structure, structure
size

and

boundary

conditions

on

the

deformation

and

failure

behavior

of

SLM-manufactured HEA lattice structures under compressive loading.
6.1 Lattice Structure Design of SLM based Cantor HEA SLM micro-rod
The mechanical properties of the lattice structures depend on the cellular structure, number
of cells and geometric parameters; material and manufacturing process properties; boundary
and loading conditions [276]. In this paper, the materials and manufacturing processes have
been identified, and the loading conditions are kept consistent to facilitate comparative
studies, so the cellular structure and structural geometry are adjusted according to
application requirements.
6.1.1 Cell analysis on lattice structure
The support bars in the lattice structures are mainly affected by tensile and flexural loads
[277]. For the purpose of this research, the lattice structure can be deemed as one consisting
of many interacting support bars and joints, as shown in Figure 6.1. The cellular structure
has a significant effect on the load carrying capacity of the overall lattice structure, because
it determines whether the micro-rods in the structure mainly withstand flexural load or
tensile load [90]. We can change the performance response of the lattice structures by
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changing the linkage of the support bars [278]. The Maxwell number (M) describes the
properties of the lattice structure based on support bars: assuming that the cell consists of S
support bars interconnected at n joints. The Maxwell number [279] can be calculated by the
following equation, and its mechanical properties are predicted.

M =S  2n  3
M =S  3n  6

(6-1)

Among them, the two-dimensional structures are calculated by the above equation, while
the three-dimensional structures are calculated by the following equation, as shown in
Figure 6.1. The structures have the following mechanical response:
(1) When the structural stiffness is insufficient ( M＜0 ), the support bars are not enough to
balance the external forces and the moments at the joints, and even the static stability of the
structures cannot be guaranteed. At this time, the joints withstand high bending stress, and
the support bars exhibit mechanical properties mainly bending, and the support bars only
withstand very limited flexural load compared to tensile load [280], so the overall structure
has a poor load-bearing capacity, higher flexibility and lower strength, as shown in Figure
6.1(a).
(2) When the support bars are sufficient to provide enough structural stiffness under static
stability ( M =0 ), the support bars can balance the external load through axial tension or
compression, so that almost no more torque is transmitted at the joints, i.e., almost no
warping occurs [101]. At this time, the load of the support bars at the joints can be
determined by the equilibrium equation. Structures with sufficient stiffness have low
flexibility (high stiffness) and high strength, as shown in Figure 6.1(b).
(3) W hen the number of support bars and structural stiffness are excessive ( M＞0 ), the

structure is a statically indeterminate structure [281], and the support bars don’t transfer the
torque to maintain structural integrity, mainly affected by tensile load [282]. Reinforced by
redundant support bars, the over-rigid structures exhibit mechanical properties mainly
tensile strength and high strength [283], as shown in Figure 6.1(c).
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Figure 6.1 Examples of lattice structures: (a) insufficient stiffness, (b) sufficient stiffness, and (c)
excessive stiffness

It is worth noting that, although the Maxwell number can be used to predict the mechanical
properties of the structures, the effect of loading mode and manufacturing is not considered.
In the previous studies, the most common lattice structures are body centered cubic unit cell
(BCC), face centered cubic unit cell (FCC), and their derived structures, such as BCCZ
(body centered cubic unit cell with vertical struts) and FCCZ (face centered cubic unit cell
with vertical struts). Moreover, common structures also include octagonal lattice and
diamond structures, as detailed in Figure 6.2 [284].

Figure 6.2 Common cell types [284]

In this paper, some cellular structures are selected for analysis, including BCC, FCC, BCCZ,
FCCZ, BCCXYZ, and FBCCXYZ, as shown in Figure 6.3, where X, Y, and Z indicate that
support bars are added in the corresponding directions.
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Figure 6.3 Display of SLM lattice structure

Table 6.1 shows the Maxwell numbers of several cellular structures.
Table 6.1 Maxwell number for unit cell candidate lattice structures

lattice
structure

BCC

FCC

Number of
micro-rods

8

16

12

20

20

44

Number of
nodes

9

12

9

12

9

15

Maxwell
number

-13

-14

-9

-10

-1

5

BCCZ FCCZ BCCXYZ FBCCXYZ

6.1.2 Overall design of lattice structure
Considering that the additive manufacturing technology can provide a high geometric
freedom, lattice structures have special properties impossible for conventional materials
[286], such as expansion structures with negative Poisson's ratio [287], negative stiffness
structures [288], negative compressibility structures [289], negative thermal expansion
coefficient structures [290] and superstructures with high stiffness but light mass [291].
(1) Design analysis based on structural manufacturability
The first thing to consider is lattice structure manufacturability. Essentially, the lattice
structure is composed of overhanging micro-rods at different growth directions, which are
studied in detail in Chapter 6. Thus, this chapter mainly investigates the overall formability
of the structure.
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For SLM lattice structures, the literature [65] suggests that the ratio of the cell size to the
support bar diameter is defined as the aspect ratio which is a key index which determines
the manufacturability of the lattice structure; to put it simply, larger cells require thicker
support bars. During the SLM layering process, the micro-rods in the lattice structures are
manufactured in the powder bed. During the powder scraping process, the micro-rods
produce friction with the powder material, and the micro-rods may be deflected or even
cannot return to their original positions, especially obvious for the vertical micro-rods in the
z direction, because they cannot withstand the compressive load. In this case, this load is all
flexural load. For this purpose, the deviation of the micro-rods can be calculated by the
equation. Previous studies have shown that the friction coefficient between metal powders is
ranged between 0.01 and 0.04 in the powder scraping process, and the friction force
generated in the powder bed is up to 10N. Therefore, the maximum bending force is F =
0.4N. Assuming that the allowable deviation w

is equal to or less than the lattice

micro-rod diameter d, i.e., w( x  a)  d . Therefore, for the circular micro-rods in this paper,
the maximum cell size a of the lattice structures can be calculated by the equation. Figure
6.4 shows the theoretical variation trend of aspect ratio of lattice structures.

w( x) 
Where, I y

Fa3  x 2 x3 
3  
6 EI y  a 2 a3 

(6-2)

is the moment of rotational inertia on the cross section of the micro-rod,

d4
.
Iy 
64
a 3

3d 5 E
64 F

Figure 6.4 Theoretical variation trend of aspect ratio of lattice structures
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(6-3)

(2) Design analysis based on structure mechanical properties
The terms of mechanical properties of traditional materials such as elastic modulus and
yield strength are applicable to lattices structures, but their meanings are slightly different
from traditional materials. For lattice structures, these properties are the macroscopic
properties characterized by gradual convergence of structure properties when unit cells are
sufficient [59]. Mechanical properties of lattice structures are generally related to those of
the base materials [59], but are not the focus of this chapter; besides, the mechanical
properties of lattice structures especially compressive strength and modulus depend mainly
on the relative density of the structures, i.e., the ratio of structure apparent density to casting
density [292].

 * =  s

(6-4)

Where,  s is the density of HEA castings.
The lattice structure consists of micro-rods, of which the relative density depends on the
micro-rod geometry and cellular structure as important design factors for the lattice
structure. But regardless of the design of the lattice structure, its mechanical properties
decrease with decreasing relative density [123]. Among them, the micro-rod characteristics
have been discussed in Chapter 6, so this chapter mainly focuses on the cellular structure. It
is also worth mentioning that the mechanical properties of the lattice structure are also
related to the structural loading conditions, and the lattice structure generally also exhibits
significant anisotropic mechanical response in different load directions [59], which is not
the focus of this chapter.
The cellular structure includes cell geometry and size. Rehme and Emmelmann [65, 293]
have studied the effect of cell geometry on the mechanical properties of the overall structure.
For each topological structure, the cell size is changed to ensure that the relative density is
within a certain range. Finally, it is found that for different geometric structures, there is a
power function relationship between the relative density of the lattice and the mechanical
properties of the structure. Data are collected from the literature for power regression
analysis, and the results are shown in the table below. Through analysis, it can be observed
that there is a huge correlation gap for different cell types, for example, both strength and
modulus are relatively correlated for the FCC structure; the strength is relatively correlated,
but the modulus is less correlated for the FBCCZ structure; however, both strength and
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modulus is less correlated for the Gyroid structure.
Table 6.2 Correlation of different cellular types

Cellular structure
BCC
BCCZ
Diamond
Dodecahedron
FBCCXYZ
FBCCZ
FCC
FCCZ
Gyroid
Schwartz diamond
Simple cubic
Average

Strength correlation
(R2)%
66.56
38.84
9.43
99.04
98.34
95.31
99.79
99.43
5.64
99.76
64.76
70.35

Elastic modulus correlation
(R2)%
66.74
12.42
21.99
99.93
87.72
46.6
99.97
91.93
1.85
96.61
37.02
60.25

With respect to the cell size, when the volume fraction is set as a constant and the unit cell
size decreases, the number of unit cells will increase, and the core hole size decreases
accordingly. The smallest unit cell size for SLM manufacturing mainly depends on the
particle size of metal powder and laser focus diameter of the SLM machine. If fine metal
powder and laser with a smaller focusing diameter are used, smaller cells with thin struts
can be constructed by the SLM process. However, when the size of the unit cell declines to
a certain value, the core hole size will become so small that it is difficult to remove powder
after SLM. After repeated attempts, it can be determined that loose powder can be removed
well by this SLM equipment when the original cell size is 2mm.
When the volume fraction is set as a constant and the unit cell size increases, it will lead to a
decrease in the number of unit cells and thus an increase in the size of the support bar. The
literature [294] investigates the plasticity of the support bar, and gives the critical load Pcr
Pcr 

12C
l

(6-5)

Where, C is a constant and is related to mechanical properties of support bar
connection point, and l is the length of the support bar. Thus, the critical failure load

is inversely proportional to the length of the support bar, because the probability of warping
is higher with increasing length of the support bar [295]. Furthermore, as mentioned earlier,
long micro-rods are more prone to defects during manufacturing. The literature [265] argues
that, when the lattice structure consists of vertical support bars and diagonal support bars
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and the unit cell size exceeds 5mm, the lattice structures cannot be manufactured due to
deformation, and the construction direction of large-size lattice structures is also limited.
Taking the BCC cell as an example, the Equation (6-5) is verified in this paper, and the
result is shown in Figure 6.5. The overall trend is consistent with the equation, but not
completely consistent, because the critical failure load is mainly related to the length of the
support bars and also affected by other factors, such as cross section of support bar [265]
and basic properties of the material.

Figure 6.5 Theoretical prediction of critical loads compared to actual critical loads

6.1.3 Theoretical analysis on mechanical properties of lattice structure
(1) Assumptions of calculation conditions
This paper proposes many assumptions during mechanical-theoretical analysis on the lattice
structures.
Firstly, assumed that the material conforms to an isotropic and multilinear stress-strain
relationship and that the stress-strain relationships for compression and tension are the same
to each other. Here, Young's modulus E, yield stress  0 and Poisson's ratio are assumed to
be 140 GPa, 145 MPa and 0.3 respectively. Also, the material is assumed to be isotropic.
Secondly, it is assumed that the support bars are prone to compression and bending
deformation under axial stress, while the torsion is negligible. According to the
Euler–Bernoulli assumption, the bending strain "  " is assumed to be linearly distributed on
the cross section and is given by the following equation:

 = 
Where,  is the curvature, and  is the distance from the axis centerline.
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(6-6)

Thirdly, it is assumed that all the stranded cross sections are circular, and the diameter is
constant at d.
(2) Model design
The BCC lattice structure is used as a reference model, as shown in Figure 6.6.
The unit cell structure is determined by 3 parameters, namely length of bottom edges L1, L2,
single cell height H and bar diameter D. To simplify the calculation, the standard BCC
lattice structure is used for this model, i.e., L1=L2=H=L.
Figure 6.6 (b) shows the overall structure of the test piece. Maskery et al. have proposed
that the number of cells per layer should be greater than 4 × 4 to obtain stable experimental
results [284, 296]. In addition, ISO 13314 suggests that the size of the sample structure
should be greater than 10 times the average pore size, which its size of single cell is about
40-50% of the structure size, so a 6 × 6 × 3 cell arrangement is a cell sample structure
enough for mechanical property testing.

Figure 6.6 BCC lattice structure calculation model

(3) Calculation of BCC relative density
In consideration of the characteristics of the SLM process, the surface of the sample part is
not smooth, so it is difficult to determine the exact diameter of the sample support bar. In
calculating the lattice structure mechanics, the average diameter of the support bar per cell
is generally calculated based on relative density, and the calculated diameter is used in all
the theoretical and numerical simulations of this paper.
The volume of lattice structure is V  N L
3

S

3

. In order to more accurately calculate the

actual volume of the lattice structure, it is assumed that the lattice consists of 8 struts of
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length  and the spherical joints of support bars are assumed to be the overlapping parts
of the rods, so:
(6-7)

  ( 3 / 2) L  2r

Where, r is the radius of the spherical joint. The literature [114] concludes that r = b
best fits the real situation after several experiments. Therefore, the actual accurate volume
of the lattice structure:
4


Vl   2 d 2    b 3  N 3
3



(6-8)

The diameter of the micro-struts in the lattice structure varies with the laser parameters,
and the density of the lattice structure also changes. The density  * of the lattice structure
is measured by the same equipment in Chapter 4 after sufficient cleaning. By substituting
into the equation:
2
 tan 2   
d  
d 
 /  s      3  2   tan   1 

12  
L 
L


(6-9)

*

If the overlapping volume of the support bars is ignored and the single cell is approximated
as the insersection of 8 support bars. Given the geometric relationship:

* V
L2  L2  H 2    d 2
2 L2  H 2

 

s Vs
LLH
H

2

d
d
    3  
L
L

2

(6-10)

Objectively, the equation is more accurate, but the form is also more complicated. To
evaluate the actual difference between two equations, Figure 6.7 gives the variation curves
of the relative density calculated by these two equations with the width-diameter ratio d/L.
As a reference, the mathematical modeling density is calculated by solid model in CAD
software. As can be seen in the figure, the Equation 6-10 shows increasing differences as the
aspect ratio increases, even about 18%. These differences seriously affect the mechanical
calculation results of the lattice structure. Therefore, subsequent theoretical calculations by
the Equation 6-9 can provide more realistic average diameters and more accurate data,
especially over a wide range of aspect ratios.
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Figure 6.7 Comparison of variation trend of width-diameter ratio d/L with relative density calculated by
the equation to CAD results

(4) Equivalent plane strain indentation modulus E  of BCC lattice structure

Figure 6.8 Loading conditions and size of the BCC unit cell: (a) geometric dimensions (b) stress
condition

Figure 6.8 illustrates the geometric parameters and loading conditions of the BCC cell
model. The model has 8 interconnected support bars of the same length, with length

L  3 2 L . When the model withstands compressive stress FZ , each support bar
withstands the same bending moment M1 and shear load F by symmetry. Figure 6.8 (b)
shows the force on a certain strut, of which one end is fixed and the other end is free to
move. Ushijima et al. [297] have demonstrated through experiments that the strut slightly
rotates at point A and the axial force has little effect on the stress distribution in the cross
section, so the strut deforms only in the plane ABCD. In other words, strut rotation on the
joints is not considered. Therefore, the axial stress and deformation are not considered in
this paper. The literature [298] also demonstrates that this assumption is a simple and
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effective simplification method.
The deviation and strain of the support bars can be determined based on geometric
relationship:

h   cos 



2h
L

(6-11)
(6-12)

Where,  is the cell strain, expressed by the compressive load FZ:



z
F
 *z *
*
E
AE

(6-13)

Where, A* is the cross sectional area of the cell, and E * is the initial compression stiffness
of the cell.
The shear force is F  FZ cos  / 4 , and the Equations 6-12 and 6-13 are combined:



4F
L E * cos 
2

(6-14)

By combining the Equations 6-11, 6-12 and 6-14:



2F
LE cos2 
*

(6-15)

According to the Timoshenko rod model, the equation for the support bars can be expressed
as follows:

M  EI

d
dx

(6-16)

Where, ψ denotes the rotation of the cross-section of the support bar, and I and E are
the secondary moment of the cross section and the elastic modulus of the support bar
respectively. The bending moment of the cross section can be expressed as follows:

M( )=F -M1

(6-17)

Without consideration of the rotation of support bars, M 1  F  / 2 .
By substituting the Equation 6-17 into the Equation 6-16, the first-order differential
equation is solved based on boundary conditions:



F  x2  
  x
EI  2 2 

Slope of center axis of support bar:
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(6-18)

d
F
 ( x )   2
dx
k GA

(6-19)

Where, k 2 is the shape factor, and is taken as 1/1.1 for a support bar with
circular section [299]. G and A are the shear modulus and cross-sectional area

respectively. By substituting the Equation 6-18 into the Equation 6-19, the first-order
differential equation for the deviation of the support bar can be obtained as follows:
d
F
F  x2  
 2

  x
dx
k GA EI  2 2 

(6-20)

Under the boundary condition   0 , i.e., no deviation at the fixed end, the equation is
used in conjunction with Equation 6-20, the final deviation curve of the support bar can be
obtained. Therefore, by setting x  0 as the final rod deviation, the maximum deviation at
the free end of the support bar can be derived as follows:

  ( x  0) 

F
F 3

k 2GA 12EI

According to the geometrical relationship,  

(6-21)

3
3
L  2x   
L  d . By substituting
2
2

the Equation 6-21 into the Equation 6-15:
E* 

 ( d / L) 2
2 cos  (( 3 / 2)  ( d / L)) 1/ k G   (4 / 3 E)(( 3 / 2)( L / d )  1) 
2

2

2

(6-22)

The Equation 6-22 defines the initial compression stiffness of the BCC structure, and
considers the connection and shear effect between support bars. If the shear item 1 / k 2G 
is ignored and cos  is substituted with 6 / 3 according to the geometrical relationship:

E* 

(9 /16) (d / L)4 E
(( 3 / 2)  (d / L))3

(6-23)

Equation 2-24 gives the initial compression stiffness of the BCC lattice as
calculated by Ushijima et al. and the connection and shear effects of the support
bars are ignored [297].

E* 

3 (d / L)2 E
1  2(d / L)2

(6-24)

(5) Plastic strength  * of BCC lattice structure
The literature [297] has demonstrated that in the BCC model, the support bar is mainly
subjected to bending, and the effect of axial tension or compression is negligible. Therefore, the
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calculation of this paper does not take into account the effect of axial force and shear force on
the yield surface.
In order to predict the plastic failure strength of the BCC lattice structure, the concept of
full-plastic bending moment is introduced. Only the bending moment is considered. The
moment M should be equal to the full plastic bending moment M 0 , because the support bars
will collapse plastically. For a spherical hinge of a bilinear material (elastic linear plastic
material), the full plastic moment [300]:

(6-25)

M 0   0 d 3
Where,  0 is the yield stress of the bilinear material, and β is a factor which is determined

through compression tests. In the theoretical calculation of plastic strength, all the support

bars in the lattice structure undergo compression and bending. The bending moment of a
single support bar is defined as follows:

M ( x  0) 

F  Fz  cos 

2
8

(6-26)

Fz   * L2 , where L is the length of the support bar, and  * is the stress applied on the
structure. By substituting Fz expression into the Equation 6-26, M:

M
Given

 * L2 cos

(6-27)

8

M  M 0 , the plastic collapse strength of the BCC structure under uniform

compression can be obtained as follows:

* 

4 6  0
d 
 
[( 3 / 2)  (d / L)]  L 

3

(6-28)

6.1.4 Manufacturing defects of SLM micro-rod lattice structure
As mentioned earlier, it is difficult to machine complex lattice structures by traditional
manufacturing technology. With the help of AM technology, especially SLM, we can
manufacture lattice structures having complex components and of multiple lengths
However, SLMed parts generally have some inherent geometric defects

.

[45, 301]

,

[112, 302-305]

especially volume defects [306]. In order to reasonably evaluate these geometric defects,
some experimental studies are carried out to explore their effects.
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(1) Analysis on geometric defects of lattice structure
The morphology and microstructure of the lattice structure sample in Figure 6.3 are
characterized by a scanning electron microscope. It can be found that there are many
geometric deviations between the manufactured samples and the design such as metal
powder bonded at the support bar joints, uneven support thickness, and overmelting of
horizontal parts. It is difficult to extract all the geometric defects of the lattice structures in
view of high randomness of geometric defects and a large number of micro-scale defects in
the lattice structures [307]. Some of these defects have a significant effect on the mechanical
properties and failure mechanisms of the lattice structure, including porosity, thickness
variation, waviness and dimensional deviations of support bars [112, 307]. Based on the
above, the parts have a high density, so the effect of the porosity is no longer considered.
This paper mainly involves three different types of geometric defects: thickness variation,
waviness and dimensional deviations of support bars. Figure 6.9 illustrates these common
geometric defects, and this paper focuses on the above defects, with the aim to study the
effects of these defects on the failure mechanisms and mechanical properties of these
defects of the lattice structures.
Waviness of support bar: The centerline of the actual support bar deviates from the design,
as shown by the red line in Figure 6.9, and the centerline of the support bar is wavy.
Irregular variation of support bar thickness: the cross section of the actual support bar
deforms irregularly along the bar, as shown in blue shading in Figure 6.9, and the thickness
of the support bar varies significantly.
Dimensional deviation of support bar: compared with the size of the support bar along the
manufacturing direction, the size in other directions is either larger or smaller. In additive
manufacturing, the effect of the built angle on the part size is widely proven: in general, the
parts perpendicular to the manufacturing direction are prone to overmelting, so their size is
larger than the design value, but smaller in other directions, as shown by the green line in
Figure 6.9. The effective diameter of the micro-rod perpendicular to the manufacturing
direction is 0.38mm, larger than the design value (0.35mm), while that of the inclined
micro-rod is 0.33mm, smaller than the design value.
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Figure 6.9 Graphical representation of common geometric defects in SLM lattice structures

(2) Extraction and statistics of geometric defects
In order to extract the surface morphology features of the support bars in the lattice
structure, geometric defects are extracted according to the process indicated in Figure 6.10.
Take out the support bar in the lattice structure, as shown in Figure 6.10(a); ground and
polish the inlaid support bar till the middle surface, as shown in Figure 6.10(b); then,
photograph the micro-rod cross section by light microscope. To evaluate the geometric
defects, first mark the design edges (by blue solid lines in Figure 6.10(c)), take the design
central axis (by blue dotted line in Figure 6.10(c)), and then build a series of parallel lines
perpendicular to the support bar (by red lines in Figure 6.10(c)), arrange the parallel lines
with equal spacing, intersect with the actual edges, take the midpoint of the red line (black
point in Figure 6.10(c)), determine the deviation between the actual edge and the design
edge by comparing the actual edge line with the design edge line (the left and right
deviations are averaged), i.e., radius deviation, as shown by the green line in Figure 6.10(d).
Finally, the deviation from the actual center, that is, the center deviation, can be obtained by
comparing the black point with the design center axis, as shown by the gray line in Figure
6.10(e).
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Figure 6.10 Schematic diagram of the process of extracting geometric defects: (a) take the support bar in
the lattice structure; (b) photograph the cross section of the micro-rod; (c) defect evaluation; (d) and (e)
partial enlarged drawing

As previously discussed in micro-rod manufacturing, the built angle has an obvious effect
on the micro-rod forming quality. Geometric defects are classified into three categories by
their growth direction: (I) support bars parallel to the growth direction of the lattice
structure (referred to as vertical bars), (II) support bars perpendicular to the growth direction
of the lattice structure (referred to as horizontal bars) and (III) inclined support bars
(referred to as inclined bars). In this paper, the BCCXYZ lattice structure (number of cells:
6×6×6) is discussed, including a total of 588 vertical bars, 588 horizontal bars, and 1,728
inclined bars. To provide reliable data, at least 35 bars (6% horizontal or vertical bars and
2% inclined bars) of each type of support bars are randomly selected for probability
statistics. To quantify these distributions, the average value a and standard deviation σ of the
radius deviation r and center deviation c are calculated for three types of support bars (d for
inclined bars, h for horizontal bars and v for vertical bars). Three types of geometric defects
in Figure 6.10 can be quantitatively expressed as follows:
① The thickness variation of the support bars is expressed as the standard deviation (  r ) of
the radius.
② The waviness of the support bar is expressed as the average center deviation ( a c ).
③ The dimensional change of the support bar is expressed by the average radius deviation
( a r ), where a positive value indicates that the actual size is larger than the design size,
while a negative value indicates that the actual size is smaller than the design size.
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Taking a support bar as an example, its cross section is shown in Figure 6.11, and the
statistics are available for the design and actual manufacturing deviations, as shown in
Figure 6.12. If a r is positive, it indicates that the actual radius of this support bar is 9.5%
larger than the design value on average, which also confirms that the support bar will
overmelt during the layer-by-layer SLM process, consistent with the previous conclusion
given in Figure 5.20. In addition, Figure 6.13(b) indicates that the actual manufactured
center axis of the support bar is deviation by approximately 6.5% compared to the design
center axis. a c in Figure 6.12(b) indicates that the actual center axis of the support bar is
deviation by approximately 6.5% from the design center axis.

Figure 6.11 Cross section of support bar

Figure 6.12 Statistical deviation between designed and actual support bar

Table 6.3 shows the statistical results regarding the ratio between the geometric deviation of
different support bars to the design. It can be observed that the average radius deviation a rv
of the horizontal bar and standard deviation  rv are the maximum, which means that the
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actual size of the horizontal bar is the maximum and the cross section presents the
maximum change in shape. By comparing with the vertical bar and the inclined bar, it can
be found that their actual size is similar, but the size of the vertical bar has little change. In
terms of center deviation, it can be found that the horizontal bar has the worst quality, the
average center deviation is almost 3.8 times of the vertical bar, and the standard deviation is
even 14 times of the vertical bar, indicating that the waviness of the horizontal bar is much
larger than that of the vertical bar. It can be concluded that, in general, different support bars
in the lattice structure under SLM process parameter of this paper varies greatly in forming
quality, and the horizontal bars have severer geometric defects.
Table 6.3 Statistical results of geometrical defects of lattice support bar (%)
The vertical bars The horizontal bars
The tilt bars
The mean deviation of radius
a v =3.68%
a h =7.46%
a d =3.29%
r

r

v
r

h
r

r

The standard deviation of radius

σ =0.95%

σ =8.1%

σ dr =5.62%

The mean deviation of center

a cv =1.53%

a ch =5.7%

a dc =4.05%

The standard deviation of center

σ cv =0.63%

σ ch =9.21%

σ dr =3.4%

6.2 Experimental research on Mechanical Properties of SLM Lattice Structure
6.2.1 Experiments on mechanical properties of lattice structure
Compared with tensile tests, compression test on truss structures does not require
special test benches or special fixtures, which makes such tests easier. In most of the
literature, mechanical properties of truss structures [109] are tested in compression
experiments, so compression experiments are also done in this paper. The uniaxial
compression test is performed on the MTS 100-kN universal testing machine. According to
the corresponding compression test standard [308], the displacement rate of the indenter is

0.1mm min in the elastic area and 0.1mm min

in the plastic deformation area and

densification area. The engineering stress is calculated by dividing the applied load by the
cross-sectional area, and the engineering strain is calculated by dividing the crushing height
by the original total height. It should be noted that these stress-strain measurements are not
the most accurate, but simpler and suitable for comparing stress-strain under different
conditions. It should also be noted that the structure expands when the lattice structural
blocks are crushed. In addition, local strain may occur in the crushing process [309].
The lattice structure samples are tested, and each sample accepts two sets of repeated tests:
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(1) Large strain test: the final strain tested is 80% of the strain when fully densified. The test
provides the elastic properties and yield properties of the samples, as well as the plastic
behavior and failure mode of the structure under large strain. The test is divided into three
groups, two of which include loading and unloading (apply load to 2% and 4% engineering
strain respectively, and then remove load), and the other group only involves loading (apply
load to 80% engineering strain).
(2) Small strain test: the final strain rate of the test is equal to the strain when the stress is
1-2% higher than the compressive strength. This test can yield the initial plastic deformation
and the fracture characteristics of the support bar. In the test, apply and remove load under
2% strain.
6.2.2 Compression performance of lattice structure
As shown in Figure 6.13 and with reference to the literature [286], the deformation process
of the lattice structure can be divided into three discrete stages in this paper for the sake of
discussion: elastic deformation, plastic deformation and densification.
The elastic deformation is linear, and its slope is proportional to the elastic modulus of the
material. To most accurately represent the elastic modulus of a structure, Ashby et al. have
argued that the modulus in unloading can better represent the structure performance [283].
Under the elastic limit, the cell begins to yield or bend, and the structure experiences plastic
deformation. When the structure deformation become severe and the support bars are in
contact, further deformation is limited and the structure begins to densify, in which case the
stress increases sharply and the densification is getting severe.
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Figure 6.13 Three discrete stages of general compression deformation for lattice structures [286]

Figure 6.14 shows the stress-strain curves of the BCC structure under small strain
compression, where the Young's modulus, and moduli in loading and unloading
corresponding to 2% strain are available. Other structures can also refer to these curves. In
the literature [94], by investigating the mechanical properties of lattice structures and
comparing the Young's modulus of the samples and the moduli in loading and unloading at
2% and 4% strains, it is concluded that the 4% modulus exceeds the peak stress and is
inconsistent in the elastic area. Therefore, 2% modulus is deemed as a typical modulus in
the elastic area.

Figure 6.14 Stress-strain curves of BCC structure

The lattice structure is tested under quasi-static uniaxial compression conditions to evaluate
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its mechanical properties. Figure 6.15 shows the engineering compressive stress-strain
curves for different lattice structures under large strain. When the load is applied, the initial
curve is nonlinear and concave downwards, similar to the result of literature [116], probably
because slight deformation of the samples occurs in the cutting process, resulting in uneven
surface. In the elastic area, the curves show better linearity compared to the metal foam
structure [283], and the local yielding of the lattice structure is not obvious, probably
because the lattice structure is a regular hierarchical structure, while the pore size of the
metal foam structure is randomly distributed. The yield performance of the lattice structure
is stronger under low ~ medium stress load.
In the transition area from the elastic area to the plastic area, the Z-direction support has a
significant effect on the curve. For example, the entire curve is relatively smooth, without
sharp yield points in the BCC lattice, and the strain increases only in a small range when the
strain is increasing, called plateau stress. However, for structures having Z-directional
supports, there is an obvious initial stress peak at the beginning of the curve, which is
related to the plastic bending of the Z-directional support bar. In view of the failure of the
Z-directional support bar, the overall structure becomes unsteady, and the stress oscillates
when the strain subsequently increases. In this paper, the initial peak stress is taken as the
yield point, while for structures without Z-directional support bars, the strain deviation of
5% is set as the yield stress of the structure, because no obvious yield point exists in the
curve.
Most of the structures exhibit high initial strength, but the strength significantly decreases
after the first collapse. In general, compared with structures with lower relative density, the
stress of the structures with a relatively high density significantly decreases. In contrast, the
strength of BCC structure does not significantly decrease, similar to the results observed in
the literature [40]. This is because bending load is mainly applied on the support bar in the
BCC structure, resulting in gradual collapse of overall structure; tensile and compressive
load of other structures is mainly applied on the support bar, resulting in sudden collapse of
overall structure. By comparing with FBCXYZ and BCCXYZ, it can be found that the
initial strength of two structures has little difference (about 11%), and the strength
significantly decreases (about 21%). The compression deformation of the two structures is
shown in Figure 6.16, and it can be found that the FBCXYZ structure has a 45° inclined
fracture, while the BCCXYZ structure is collapsed layer by layer.
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Figure 6.15 Stress-strain curves of lattice structure

Figure 6.16 Compression deformation behavior of two structures

6.2.3 Comparison of different lattice structures in mechanical properties
Figure 6.17 summarizes the compressive strength and elastic modulus of all the lattices
structures. Despite some randomness in SLM manufacturing, the following characteristics
can be observed in the compression test results for the different lattice structures.
(1) The compressive strength and modulus of BCC and FCC structures are low, because the
relative density of the structures is low (namely less support bars). Moreover, the structures
are not supported in the loading direction, and stress is concentrated on the joints, which
limits the structural deformation under load.
(2) The compressive strength and modulus of the FBCCXYZ structure are both the
maximum under the maximum relative density. On the one hand, the peak stress appears on
the Z-direction support bar in the compression process; on the other hand, the inclined
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support bar also withstands some load, which enhances the support effect in Z direction.
However, X and Y support bars only withstand small stress, and the load support in Z
direction is limited, so the FBCCZ structure is not as good as FBCCXYZ structure in
mechanical performance, but without obvious difference.
(3) Although the FCCZ structure is not as good as FBCCZ structure in strength and
modulus, it still has better mechanical properties than other structures. Especially, this
structure is lighter in weight, so the FCCZ structure can provide more excellent mechanical
properties under limited weight. For Ti-6Al-4V titanium alloy, the literature

[310]

also gives

similar results.
(4) The elastic modulus of 2% strain is higher than the Young's modulus of the structure,
indicating that local structural deformation appears in the structure. Other literature gives
similar conclusions, such as metal foam structure [311] and titanium alloy SLM lattice
structure [310]. Although some literature [312-314] associates the Young's modulus of
lattice structures with stiffness, this paper argues that the Young's modulus may
underestimate the structure stiffness in case of repeated loading and unloading at the elastic
stage. Especially when SLMed parts are used as orthopaedic implants, it is crucial to
accurately predict the modulus of the structure [175].

Figure 6.17 Mechanical properties of lattice structures: (a) absolute compressive strength and modulus
and (b) specific compressive strength and specific modulus

Ashby et al. have investigated the metal foam model and believe that the relative Young's
modulus, compressive strength and relative density are closely related [283]:
 ρ 
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Where, C and n are constants, and the s subscript represents the properties of the base
material.
Through research, Gibson [315] proves that the mechanical properties of similar structures
are estimated by the above equations. Figure 6.18 shows the ratio of relative Young's
modulus ( E ES , where

E

is the elastic modulus of 2% strain)/relative

compressive strength) and relative density (   S ) of different structures. It can be
found that, similar to the open-cell foam structure [311], the mechanical properties
of the lattice structures present a positive powder relationship with the relative
density. In addition, the modulus is proportional to 1 and 2 times the relative
density, and the strength is proportional to 1 and 1.5 times the relative density.
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Figure 6.18 Relationship between relative modulus, relative compressive strength and relative density of
lattice structures: (a) elative Young's modulus; (b) relative modulus of 2% strain and (c) relative
compressive strength

6.3 Reinforced Lattice Structure Based on Nano-ceramic Particles
HEA has excellent mechanical properties, good thermal stability and excellent corrosion
resistance, without adding expensive metal elements [139, 316]. Moreover, compared to
conventional casting and forging, the metal particles rapidly melt and solidify in the SLM
process, and non-equilibrium micro-structures offer higher strength [48], including
honeycomb substructures and layered micro-structures of honeycomb walls (CW) [317].
Some scholars observe that continuous lattice distortion and dislocation pileup are essential
to strengthen HEAs manufactured by SLM [318].
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We should deeply investigate how to further improve the mechanical properties of SLM
HEA lattice structures, and most scholars are currently dedicated to improving the
properties of HEAs by optimizing process parameters or providing additional heat
post-treatment methods [318-320]. For SLM, some scholars prefer to enhance the properties
of metal matrix composites by adding ceramic TiN particles [321-323], because ceramic
TiN has high strength, high melting point of 2,950°C and good thermal impact resistance,
which can avoid decomposition and generation of brittle intermetallic compounds during
SLM [321]. In this section, the strength of the SLM HEA lattice structures is increased by
adding a low proportion of nano-ceramic TiN particle reinforcement materials.
6.3.1 Effect of grain refinement and particle characteristics
95% (wt%) CoCrFeMnNi HEA powder and 5% (wt%) TiN particles are fully mixed (with
an average particle size of 50 nm) by the ball milling method. In order to avoid
environmental pollution, powder is mixed only in an argon atmosphere, and placed in a
wear-resistant agate tank. In the SLM process, inclined area scanning is recommended as
the scanning strategy, with a layer thickness of 45 μm, and the laser parameters are as
follows: 375W laser power, 1,600 mm/s scanning speed, 90μm scanning spacing and
relative density higher than 99%.
The micro-structures of the parts are characterized by XRD, EDS, EBSD and SAED (with
TEM) respectively. After online cutting, the middle part of the part sample is characterized.
Acceptable standard tensile samples are manufactured by SLM and RLSS-SLM tension test
at room temperature, with the tensile direction perpendicular to the SLM / RLSS-SLM BD.
The powder is well mixed, as shown in Figure 6.19 (a, b), and the TiN particles are well
combined with HEA powder. According to the characterization results of FE-SEM and EDS,
as shown in Figure 6.19 (c, d, e), it can be determined that the mixed powder has good
uniformity under reasonable powder mixing procedure and optimized SLM process
parameters. In the SLM process, the dispersion of TiN particles depends heavily on the
particle kinetic behavior of the molten pool prior to solidification, and suitable fabrication
parameters are selected to avoid Marangoni convection caused by insufficient or excessive
laser power [48]. In the partial enlarged drawing of the TiNp / HEA SLMed parts, no
obvious large-scale aggregation is found. Apart from FCC and TiN, no other phases are
found in Figure 6.19(f).
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As shown in Figure 6.19 (g, h, i, j), the EBSD results demonstrate that, after TiN particles
are introduced, the FCC grains in SLMed parts are significantly refined compared to those
manufactured by casting, smelting, and other non-SLM processes [139, 316]. Among them,
more than 90% of the HEA grains are less than 3.5 μm, and about 80% of the samples are
less than 2 μm in size.
As shown in Figure 6.19 (h), the number of TiN particles distributed inside HEA is much
smaller than that at the grain boundaries, i.e., the particles are basically distributed on the
HEA grain boundaries. This paper concludes that in the process of powder SLM laser
melting and re-solidification, TiN particles become high-density nanoscale nucleating points,
thus promoting the refinement of HEA grains. The literature [324] suggests that TiN with
high melting point and high thermal stability promotes heterogeneous nucleation and the
growth of HEA equiaxed grains rather than dendrites. Also, the content of TiN reinforced
phase in the SLMed parts is determined by EDS detection of Ti elements (as shown in
Figure 6.19 (d)) and EBSD TiN compared to FCC, about 4.8 wt%, very close to 5 wt% for
initially mixed powder.

Figure 6.19 (a) HEA powder; (b) TiN/HEA blend; (c) FE-SEM partial enlarged drawing of SLMed parts
of TiNp/HEA composite; EDS titantim map (d) for TiNp / HEA manufacuring area; (f) XRD spectra of
TiNp / HEA part; (g) EBSD inverse-pole-figures and All_Euler map of TiNp/HEA part area; (h) phase
diagram; (i) grain size distribution (j) grain-boundary map

Figure 6.20 shows the TEM test results of the SLMed parts, and some TiN particles are
observed both inside the HEA grains and at the grain boundaries (see Figure 6.20(a, b)).
Figure 6.20(c) shows several tiny TiN particles. In Figure 6.20 (d, e), it is observed that the
tiny TiN particles and the adjacent HEA atoms are approximately distributed in the same
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direction. However, in Figure 6.20 (f, g). it is observed that for large particles, the metal and
ceramic atoms at the HEA / TiN boundary have a significant inclination angle and the
interface between adjacent TiN particles exhibits different degrees of lattice distortion
(Figure 6.20 (h, i, j)). Nevertheless, the atomic configuration in the transition area of the
HEA / TiN interface suggests that the interface between the metallic HEA and the ceramic
TiN is metallurgically bonded on the atomic scale.

Figure 6.20 TEM images of parts: micro-area (a) with its SAED pattern (b); enlargement in area ‘A’ (c)
with enlargements in circle-marked area ‘①’ (d), ‘②’ (e), ‘③’ (f), and ‘④’ (g); enlargement in area ‘B’
(h) with further enlargement in the circle-marked area ‘⑤’ (i); and enlargement in area ‘C’ (j). Note: the
marked parallel-lines illustrate the atomic rows.

6.3.2 Effect of laser remelting process
To further homogenize the SLMed parts, a remelting laser-scan strategy (RLSS) is adopted,
namely each layer of the powder bed is scanned twice, for which the laser parameters are
the same. This process has been widely used in SLM, because the powder bed and the
solidified layer have different absorption rates of laser energy to increase the laser scanning
speed, thereby reducing the effect of this difference and avoiding the defects in the remelted
layer.
Figure 6.21 illustrates the microscopic characteristics of the SLM remelted parts. The grain
size is smaller (see Figure 6.21(b)) and the particles are more uniformly distributed (see
Figure 6.21(a)) compared to the un-remelted parts. More than 90% of the equiaxed grains
are less than 2 μm in size (see Figure 6.21 (c, d, e)). With the help of remelting process,
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nanoscale TiN particles are more uniformly distributed in the HEA matrix, thus forming
more dispersed tiny nucleation sites, and its pinning effect on FCC grain growth contributes
to a higher level of HEA grain refinement.

Figure 6.21 (a) FE-SEM image of SLM remelted parts; (b) sketch of RLSS; (c) inverse-pole-figures and
All_Euler maps, (d) grain-size distribution and (e) grain-boundary map of FCC phase in
RLSS-SLM-built TiNp/HEA through EBSD analyses

As shown in Figure 6.22, some locally discontinuous amorphous phases can be found in
remelted TiN / HEA parts. Moreover, some areas exhibit a high degree of amorphization (as
shown in Figure 6.22a, b, c), while other areas exhibit a more typical nanoscale
amorphous/crystalline hybrid structure (as shown in Figure 6.22d, e, f). The
amorphous/crystalline interface exhibits atomic transition characteristics (ordered ~
disordered) (as shown in Figure 6.22g, h, 4i), and also presents high-quality metallurgical
bonding.

Figure 6.22 TEM images of TiN / HEA parts remelted by SLM: (a) amorphous micro-area; (b) partial
enlargement drawing of Area A; (c) SAED pattern of Area A; (d) mixed area; (e) partial enlargement
drawing of Area B; (f) SAED pattern of Area B; (g) another mixed area; (h) partial enlargement drawing
of Area C; (i) partial enlargement drawing of Area D
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The Gibbs free energy of the solid phase of high entropy alloys is low at high temperature,
and confusion is a distinctive feature of HEAs. The literature [325] argues that these two
mechanisms provide a stronger amorphous forming ability. However, the literature [319,
320, 326] suggests that for traditional SLM processes, iso-atomic or near-iso-atomic HEA is
hardly amorphized, probably because the kinetic conditions for the amorphous/crystalline
phase transition have not been fully achieved. The SLM and RLSS-SLM processes used in
this paper are characterized by faster laser scanning speed and higher laser power, which
accelerates the molten metal cooling. Typically, the cooling rate around the molten pool in
the SLM process is about 103 —108 K s [11], far from equilibrium conditions. Moreover,
the solidified metal absorbs the laser energy more easily than the powder bed.
Figure 6.23(a) shows the tensile stress-strain curve of the parts. The average tensile strength
(av-σUTS) is 1,059 MPa, and the average elongation at break (av-εf) is approximately
15.3%. The excellent mechanical properties are attributable to HEA grain refinement
(according to the Hall-Petch law [324]), as well as good dispersion of nanoscale
reinforcement materials and good matching with HEA matrix interface. The av-σUTS of
SLM remelted parts reaches more than 1,100 MPa, and the av-εf is about 18%. The general
principles are not applicable to the HEA matrix material system, because the higher the
strength, the worse the plasticity in view of ①ultrafine HEA grains with better
nano-reinforced material dispersion and ② potential properties of the amorphous phase area
in the hybrid amorphous-crystalline microstructure by RLSS-SLM. Figure 6.23(b) shows
the compression properties of the lattice made of reinforced material. By comparing with
Figure 6.17 (b), it can be found that the mechanical properties of the lattice structure are
improved by approximately more than 20%.
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Figure 6.23 Tensile stress-strain curves of TiNp/HEA parts via SLM and RLSS-SLM (literature
comparison)

4.4 Summary
This chapter analyzes the effects of cellular structure, structure size and boundary
conditions on the deformation and failure behavior of SLM-manufactured Cantor HEA
lattice structures under compressive loading. A static compression experiment is carried out
on the lattice structure sample formed by the SLM process, and the results are as follows:
(1) For the cell structure based on support bar, the Maxwell number can be used to predict
the mechanical properties of the support bar which exhibits mechanical properties mainly
bending or tension.
(2) For the overall design of the lattice structure, the aspect ratio is a key index affecting the
manufacturability of the lattice structure from the viewpoint of manufacturability, and its
variation trend is theoretically analyzed. The mechanical properties of the lattice structure
depend mainly on the relative density of the structure. Taking the BCC structure as an
example, its relative density, modulus and strength are calculated.
(3) The causes of common manufacturing defects of the lattice structure are analyzed,
including irregular variations in the thickness of support bars, waviness and dimensional
deviations of the support bars. By giving statistics over the defects of different support bars
in the lattice structure, the results show that different support bars significantly vary in
forming quality, and horizontal bars have more serious geometric defects.
(4) The mechanical properties of the lattice structure are evaluated by compression
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experiments, and Z-direction supports have a significant effect on the uniaxial compression
properties. By fitting the corresponding Gibson-Ashby model, it is found that the
mechanical properties of different lattice structures present a positive power relationship
with the relative density. The modulus is proportional to the relative density between 1 and
2 times, and the strength is proportional to the relative density between 1 and 1.5 times.
(5) The grains can be refined and Cantor HEA can be enhanced by adding a low proportion
(5% (wt%)) of nano-ceramic TiN particle reinforced materials, and the remelting process is
adopted so that finer grains are produced and particles are more uniformly distributed. The
reinforced Cantor HEAs are used as the raw materials to manufacture the lattice structures,
and the specific strength has also significantly increased.
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Chapter 7. Conclusion and Prospects
7.1 Main Research Tasks and Conclusions
Based on the process principle and characteristics of SLM technology, this paper focuses on
the mechanisms and key issues related to the process and properties of Cantor HEAs
manufactured by SLM. The main conclusions are as follows:
(1) With respect to SLM printing quality stability control, we have completed the
development and research in terms of equipment structure design, process feedback and
closed-loop control, the development of the main mechanical structure of the equipment and
control system, design & manufacture of the collaborative beams, as well as integration and
optimization of the whole equipment software and hardware system, and finally built an
intelligent industrial SLM-250 manufacturing platform.
(2) Through finite element analysis, the molten pool becomes wider, longer and deeper with
increasing laser power, and the molten pool becomes narrower and longer with increasing
laser scanning speed. When the scanning speed is too fast, the molten pool has an obvious
spheroidization phenomenon; the laser power has a significant effect on the temperature
gradient of the molten pool than the scanning speed. At a higher laser power, a larger
residual stress may exist inside at a large temperature gradient between the hot melt area
and the substrate, which may be the main cause of local defects. In addition, since the heat
is mainly dissipated through the metal substrate during the SLM process, the heat flow
direction is almost perpendicular to the powder layer, so the temperature gradient is also the
highest. The rate of temperature change is linearly related to laser power and scanning speed,
the maximum heating rate is slightly higher than the maximum cooling rate, and the rate of
temperature change in the molten pool is more sensitive to the scanning speed.
(3) By investigating the process window for SLM forming of Cantor HEAs, it is found that
the increase in laser energy density can significantly improve the quality of the parts when
other process parameters remain unchanged, and the density of the parts can reach up to
98.87%, but the density of the parts will slightly decrease when the laser energy density
continues to increase, and finally stabilized. In this paper, the energy density stays at about
97%. The increased laser energy facilitates the elimination of porosity defects, but the pores
in final parts cannot be completely eliminated due to moisture, solidification shrinkage, etc.
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(4) The presence of metal particles on the SLM micro-rod surface is mainly caused by the
diffusion of laser energy, incomplete melting of some metal particles at edges and laser
remelting. With the increase of laser power, the micro-rod diameter increases significantly.
Besides, the parts manufactured under high laser energy has a greater strength and
elongation rate. The average surface roughness tends to decline with increasing built angle.
The reliable built angle is closely related to the laser energy density and increases with
increasing energy input.
(5) In SLM manufacturing of lattice structures, different support bars significantly vary in
forming quality, and horizontal bars have more serious geometric defects. The mechanical
properties of lattice structures depend mainly on the relative density. Specifically, the
structural modulus is proportional to the relative density between 1 and 2 times, and the
structural strength is proportional to the relative density between 1 and 1.5 times.
(6) By adding nano-scale heat-stabilized ceramic TiN particles as a modificator for rapid
melting and solidification, the nucleation site density is effectively increased to obtain a
high-density finely crystallized matrix, thus significantly increasing the material strength;
through the laser remelting process, while further promoting the uniform distribution of TiN
particles, we can further refine the HEA grains and generate micron-level amorphous phases
in local micro-areas, thus further increasing the intrinsic strength of the overall Cantor HEA
composites, aiming to significantly increase the specific strength of the lattice structures.
7.2 Main Innovations
(1) SLM process quality online monitoring and process parameter self-optimization
technology, online monitoring and process control of 3D printing layer-by-layer shape
accuracy and micro-defects are achieved, and closed-loop control of material - process structure - properties is preliminarily achieved. In the actual SLM process, the powder
particles are definitely not uniformly distributed, and their size, position and particle
spacing are all random. In order to reflect the actual particle distribution, this paper
combines discrete element simulation and finite element simulation to randomly generate a
powder bed as a computational domain, and clarifies the state evolution process of the
discontinuous solid metal powder under laser and non-equilibrium rapid melting and
solidification based on simulation results.
163

(2) This paper reveals the stress-strain changes resulted from repeated slippage in
compression behaviors of the micro-scale materials and "dislocation avalanche" behavior
mechanism, and finds that laser rapid non-equilibrium melting and solidification lead to that
a large number of nano twin crystals induced by fatigue stress exist near high-density
low-angle grain boundaries and micro-plastic deformation and ductility are improved in the
low-load high-cycle fatigue process, and provides a theoretical basis for controlling SLM
forming quality of Cantor HEAs.
(3) In this paper, it is found that by adding a low proportion of nano-ceramic TiN particles
reinforced material, a high-density refined grain matrix can be obtained, and the specific
strength of SLM HEA can be substantially increased under the composite strengthening
effect. Besides, the amorphous phase generation can be induced under the laser remelting
process, which can further improve the mechanical properties of the SLM lattice structures
of Cantor HEAs.
7.3 Prospects
In this paper, SLM forming and properties of Cantor HEAs are investigated and some
results are achieved. However, SLM is essentially a very complex and difficult problem,
and the research on Cantor HEAs is just starting. Limited by my knowledge and ability, this
paper has some shortcomings, and we will continue research from the following aspects in
the future:
(1) The mechanical properties of the lattice structures are directly predicted according to
process parameters, and further research is still required. At present, this paper only
analyzes the relationship between process parameters and machining quality, also only
investigates the mechanical properties of the parts, and has not established the direct
relationship between process parameters and mechanical properties, which is a major
shortcoming of this paper. In future work, the relationship between process parameters and
manufacturability established in this paper can be further investigated, and attempts will be
made to reveal the relationship between part quality and mechanical properties, so as to
provide closed-loop control over process parameters-part quality-mechanical properties and
realize digital customization of mechanical properties.
(2) Although the SLM manufacturing platform in this paper support closed-loop control and
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certain intelligent operation, the intelligence level can be further improved, especially
self-optimization of the process parameters. We can attempt to establish a material database
and introduce expert algorithms to support equipment self-learning and real-time
autonomous analysis in each manufacturing and continuously improve the control
capability.
(3) Random powder spreading is achieved through simulation in this paper, but only
single-layer powder is spread till now. Compared with the real SLM manufacturing, the
simulation still has distortion, which should be further investigated to randomly spread
powder in multiple layers, simulate and analyze the whole SLM process.
(4) Ultra-low temperature is an important advantage of Cantor HEAs, and is the focus of
some studies. But limited by the conditions and time, this paper focuses on the SLM
manufacturing of Cantor HEAs, and does not discuss or investigate low temperature. In
future, we can carry out further research, especially ultra-low-temperature fatigue
experiments
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